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Introduction 
Welcome to the second edition of Biology for the IB Diploma, updated and designed to meet the 
criteria of the 2014 International Baccalaureate (IB) Diploma Programme Biology Guide. The 
structure and content of this second edition follow the structure and content of the 1B Biology 
Subject Guide. 

• Using this book 
Special features of the chapters of Biology for the 1B Diploma include: 

• Each chapter begins with Essential ideas that summarize the concepts on which the chapter 
is based. 

• Applications in the Guide are integrated within the main content and are used to illustrate 
the v-arious Understandings listed in the Guide. 

• Skills are highlighted with this icon. Students are expected to be able to show these skills 
in the examination, so we have explicitly pointed these out when they are mentioned in the 
Guide 

lt'ffi@fHH:ifS • !~~na;;;~~ ~i~l:;~~:~! ::~l~~=~te~h~ti;~~;i~h;~:~~~~~~ =~~a~~e~c~ ~ 
represented and understOOO by the general public. It also examines the way in which science 
is the basis for technological developments and how these new technologies, in tum, drive 
developments in science. 

\}) • ~:~::;i::~~~7!se~~;si:;;:r~=~t~~~~ee;!;:~ j =~::~~: ~:s:!::: :~~ss 

international aspects of Biology. 

• Self-assessment questions (SAQs) are phrased so as to assist comprehension and recall , but 
also to help familiarize students with the assessment implications of the command terms 
Answers to all SAQs are given, either in this book or on the accompanying website. 

• Links to the interdisciplinary Theory of Knowledge (TOK) element of the 1B Diploma 
course are made at appropriate places in most chapters. 

• Links to relevant material available on the website that accompanies this book 
(www.hoddereducation.com1lBextras) are highlighted with this icon. 

• At the end of each chapter, there is a selection of examination questions. Some are questions 
taken from past exam papers, others are exam-style questions written for this book. Answers 
are available on the accompanying website. 

The Options (Chapters 12- 15) are available on the website accompanying this book, as 
are useful appendices and additional student support for Chapters 1- 11, including further 
opportunities to practise data response questions: www.hoddereducation.com1tBextras 

• Author's acknowledgements 
I am indebted to 1B teachers who have welcomed me into their departments and have u(Xiated 
me on the delivery of the 1B Diploma programme, both in the UK and in Hong Kong, and to 
the international students who have discussed their recent experiences of the course with me. 

In the production of this second edition, I have had the benefit of detailed feedback on 
the approach and content of each chapter during its creation, by Dr Andrew Davis, Head of 
Environmental Science at St Edward's School. H is iruights and observations, based in part on 
his experiences of delivering the current course, and his interpretation of the new syllabus, have 
beenim11luable. 

Mrs Lynda Brooks, the Librarian of the Linnean Society, London, UK, provided invaluable help 
in the issue of the reclassification of the figwort family. 



Introduction ix 

The following components of this edition have been authored by: 
Dr Andrew Davis, Head of Environmental Science, St Edward's School, Oxford, UK: 

• Option C (Chapter 14) Ecology and conservation. 

• The data in 'Practical ecology: Testing for associations between species' (pages 187- 91). 

Mrs Lucy Baddeley, Biology Department, St Edward's School, Oxford, UK 

• Use of the Gene Bank database to determine differences in base sequence of a gene in two 
species(pages 137- 38). 

Mr Luis F. Ceballos Posada, Head of the Biology Department, Changchun American 
International School (CAIS), Changchun, Jilin Province, China 

• Option B (Chapter 13) Section 13.5 Bioinformatics. 

Finally, I am indebted to the International publishing team at Hodder Education, ably led by 
So-Shan Au, International Publisher, Asia and 18, whose skill and patience have brought 
together the text and illustrations as I have wished, and I am most grateful to them 

Dr Chris Clegg 
Salisbury 
Wiltshire 
UK 
June2014 
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Cell biology 

• The evolution of multicellular organisms allowed cell specialization and cell replacement. 
• Eukaryotes have a much more complex cell structure than prokaryotes. 
• The structure of biological membranes makes them fluid and dynamic. 
• Membranes control the composition of cells by active and passive transport . 
• There is an unbroken chain of life, from the first cells on Earth to all cells in organisms 

alive today. 
• Cell divisionisessentialbutmustbecontrolled. 

1.1 Introduction to cells -the evo1utionofmu1tice11u1a,o,9anisms 
allowed cell specialization and cell replacement 

The cell is the basic unit of living matter - the smallest part of an organism which we can say is 

alive. It is cells that carry out the essential processes of life. We think of them as self-contained 
units of structure and function 

Cells are extremely small - most are only visible as distinct structures when we use a 
microscope (although a few types of cell are just large enough to be seen by the naked eye). 

Observations of cells were first reported o\"er 300 years ago, following the early dewlopmem 
of mictoscopes (figure l.Z, page 3). Today we use a compound light microscope to inYestigate 
cell structure - perhaps )'UU are already familiar with the light microscope as a piece of 
laboratory equipment. You may ha-·e used one to view living cells, such as the single-celled 
animal, Amoeba, shown in Figure I.I. 

Amoeba - apmtoroanoffreshwaterhabitats 

~ 
endoplasm deMPCtoplasm 

length40011,ffl 

chloroplast £schetichia«>li - abacteriumfooodintheintestines 
ofaO.mal,.e.g.h.....,...,,.,. 

cell wal l 

i~rif~ 
p,h cirrnla; 

l•ngth2.0llffl Dt,tt,, ribo<omes 

• Flgure1.11ntroduclngunlcellularorganlzatlon 



1 Cell biol 

• Unicellular and multice llular organisms 
Some organisms are made of a single cell and are known as unicellular. Examples of unicellular 
org-anisms are introduced in figure I.I. In fact, there are vast numbers of different unicellular 
organisms in the living world, many with very long evolutionary histories. 

Other organisms are made of many cells and are known as multicellular organisms. 
Examples of multicellular organisms are the mammals and flcw,ering plants. Much of the biology 

!'5'i!'fllial prDC!'5'i!'I in this book is about multicellular org-anisms, including humans, and the processes that go on in 

- ~-~i~_r;c:_~~-·~~-" - ' _ ~~:7:,~i~~:s~h~u;;~;~:1:rr~ s:i:::\~ organisms carry out all the essential functions of 

• The features of ce lls 
A cell consists of a nucleus surrounded by cytoplasm, contained within the cell membrane. 
The nucleus is the structure that controls and directs the activities of the cell. The cytoplasm is 
the site of the chemical reactions of life, which we call 'metabolism'. The cell membrane, known 
as the plasma membrane, is the barrier controlling entry to and exit from the cytoplasm. 

Newly formed cells grow and enlarge. A growing cell can normally divide into two cells. 
Cell division is 1?ry often restricted to unspecialized cells , before they become modified for a 
particular task 

Cells may develop and specialize in their structure and in the functions that they carry out 
A common outcome of this is that many fully specialized cells are no longer able to divide, for 
example. But as a consequence of specialization, cells show great variety in shape and structure. 
This variety in structure reflects the evolutionary adaptations of cells to different environments, 
and to different specialized functions - for example, within multicellular organisms 

• Cell theory - a summary statement 
The cell theory - the statement that cells are the unit of structure and function in living 
things - contains three wry basic ideas 

• Cells are the building blocks of structure in living things. 

• Cells are the smallest unit of life 

• Cells are derived from other cells (pre-existing cells) by division 

Today, we can confidently add two concepts to the theory· 

• Cells contain a blueprint (information) for their growth, development and behaviour. 

• Cells are the site of all the chemical reactions of life (metabolism) 

• Cell size 
Sincecellsaresosmall,weneed 
appropriate units to measure them. 
The metre (symbol m) is the standard 
unitoflengthusedinscience(itisan 
internationallyagreedunit,orSI unit). 

1 metre (m) - 1000 millimetres (mm) 

= 1000 mic:rometre1 (11ml (or mic:rom) 

1pm = 1000naoometre1{nm) 

• Table1.1 Unltsoflengthusedlnmlcroscopy 

Look ar Table 1.1, ih<:ming the subdivisions of the mem ihai are used w measure cel/J and their 
conrrnts. These units are listed in descending order of size. You will see that each subdivision is 
one thousandth of the unit above it. The smallest units are probably quite new to )OU; they may 
takesomegettingusedto. 

----- So, the dimensions of cells are expressed in the unit called a micrometre or micron (µm). 

1 howm.inycells 
0110011m 
di.imeterwi ll lit 
1ideby1ide.ilong 
.imillimetreline 

b them.ignilkatioo 
of the image of 
fs,::herimiarollio 

Notice, this unit is one thousandth (10-J) of a millimetre. This gives us a clear idea about how 
small cells are when compared to the millimetre, which )UU can see on a standard ruler. 

Bacteria are really small, typically0.5- lOµm in size, whereas the cells of plants and animals are 
often in the range 50- lSOµm or larger. In fact, the lengths of the unicellsshown in Figure 1.1 are 
approximately: 

• Chlamydomonas JOµm 

• Escherichiacoli 2µm 
__ ,_igu_'"_' ·' __ • Amoeba 400µm (but its shape and, therefore, length rnry greatly) 
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The origins of cell theory 
Many biologists contributed to the development of the cell theory. This concept evolved 
gradually in Western Europe during the nineteenth century, as a result of the steadily 
accelerating pace of de1-elopmems in microscopy and biochemistry. You can see a summary 
oftheearlieststepsinFigure 1.2. 

RobertHooke(1662).anexpertmechanicandooeol 
theloundersoltheRoyalSocietyinl.ondon.was 
lasciflatedbymic:mscopy.HedeYi"-'llacompo<..<>d 
microsc:ope.andusedittoob<ervethestructureolcln 

;::!~~a1';!t~:,"'!':·::;;:,~!s':"'asured 
Anthoni•vanl.Huwenhoek(1680)wasbornin0e!lt 
Despitenoformaltraininginsc:lence.hedevelopeda 
hobbyolmakinglenSl'S.whichhemoootedinrr,etal 
plates to form simJ)le mkroscopes. MagnHicatioos of 
x240werea<l>ieved. andheobservedbloodcels. 
spe,ms.pmtozoawithcilia.andevenbacteria(among 
many othe,typP<olcels). Hisresultswere<ep<lftedto 
theRoyalSociety.andhewaselectedalelk>w. 

=~be!!i'°::~!:~~~i!"=::i:fled 
randommamnentsoltinypartides(po11en<:,ains.in 
his ase)whensuspended in wate,(llro.vnianfflOYl'meJ1t) 

Matt hias Sdileiden (1838) an::I n.odor Schwann (1839). 
Ge,manbiologists.est.iblishedce!lsastheMluralunitof 
lormandfooctioninlMr,gthings;"Cel!sa,eo,ganism,. 
andenti,eanimalsandplantsareag<:,egatesolthese 
organismsarrangedtodefir,telaws" 

Rudolf Virchow (18561. a Goonan pathologist.established 
theidealhatce!lsariseonl;bycwisionolexistir,gcells 

LouisPaste ur(1862).abfi liantfrenchmKrnbdogirt, 
ertabHshedthat lilec!oesootspontaneouslygenerate 
Thebacteriathat"appear"inbmtharemicrobesfieely 
ci"culatingintheair.whic:hcontaminateexposedmatte,. 

vanl 1uw • nhoe k'sm· roscope 

Paste ur'snperime nt, in,,,flic:hbrnthwassterilized 
(1).andtheneithefexposedtoai,(3)orprotectedlrnm 

:::.-"'3::~;:,;,::;::~::~~;~z,1;1he 
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• Flgure1.3 

Anlmal andplant cells 

organisms 

• Introducing animal and plant ce lls 
No 'typical' cell exists - there is a very great deal of variety among cells. Hcw,ever, we shall see 
that most cells have features in common. Viewed using a compound microscope, the initial 
appearance of a cell is of a simple sac of fluid material, bound by a membrane, and containing a 
nudeus.LookmihecellsinFigurel.3. 

photcmiaograph of a l....t cel l of EJodN photomicrograph of a human thH k cell 
(x400) (A!OO) 

la,gepermanentvacuole. 
sunounded by a memb@ne 

chloroplasts 
(withstarchgraffi) 

junction between walls 
(themiddtelame!la) 
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Animal and plant cells have at least three structures in common. These are their cytoplasm 
with its nucleus, surrounded by a plasma membrane. In addition, there are many tiny structures 
in the cytoplasm, called organelles, most of them common to both animal and plant cells. 
An organelle is a discrete structure within a cell , having a specific function. Organelles are all 
too small to be seen at this magnification. We will learn about the structure of organelles using 
theelectronmicroscope(page 17). 

There are some important basic differences between plant and animal cells (Table 1.2). 
For example, there is a tough, slightly elastic cell wall , made largely of cellulose, present 
around plant cells (page 4). Cell walls are absent from animal cells 

A vacuole is a fluid-filled space within the cytoplasm, surrounded by a single membrane 
Plant cells frequently have a large, permanent vacuole present. By contrast , animal cells may 
have small vacuoles, but these are mostly tem!X}rary. 

Green plant cells also contain organelles called chloroplasts in their cytoplasm. These are 
not found in animal cells. The chloroplasts are the sites where green plant cells manufacture 
food molecules by a proce:;s known as photosynthesis. 

The centrosome, an organelle that lies dose to the nucleus in animal cells (Figure 1.22), is 
not present in plants. This tiny organelle is involved in nuclear division in animal cells. 

Finally, the storage carbohydrate (energy store) differs , too. Animal cells may store glycogen 
(page79);plantcellsnormallystorestarch 

The profoundly different ways that unicellular organisms may differ are illustrated in Figure 1.5. 

cellulose cell wall present 

manycell1rnntainchloropla1t1: 
s.iteof photmynthes.i1 

TOK link 

chloroplasts 

permanent vacuole 

nochloropla1t1:animalcells 
cannot photo1ynthes.ize 

nolargepermanentvarnoles 

acentrosomePfesentoutside 
the nucleus 

carboh yd rate storage product glycogen 

Youarefamiliarwilhthecharacte<tstinofl ivingthings(question 1).Howrnuklthesern>usedtoexplaln 
tonon-biologi1tswhyacoppersulfatecry1talgrowinginasolutionofrnppersutfate(or1talactilesand 
statagmitesgrow;nginacave)arenotliving.yetrnralsarel 

FloodedlimHtonecavewheresta lactilHhave Coralsar•formedbysed•ntaryanimalscall•d 
~":n::~hin th • roof a nd stalagmitH on th • floor ih~~:.:::: secr•i. a calcu•ous sh•II around 

• Rgure1.4 
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P•ramecium -a large protozoan (about 6001,1m). common in 
freshwater ponds. 

Chlo,..//;J-asmallalga(about201,1m).abundant 
infrHhwaterpondswhereitspresencecolours 
the water green. 

phase.then in an 
alkaline phase 

~ nt 

:~~'""-=®-··~ a cell wall a 
"""'"' 0 

chjoroplast 
cytoplasm 

A"pa,tkleleeder".ittake<insmallfloatingul\Ocellula, 
organismsintofoodvac:uolesinthecytoplasmwhere 
thecontentsaredigestedandtheproductsabsorbed 

Manulacturessugarsbyphotosynthesi,inthelight. 
usingcarbondioxideandwater(inawaythatis 
almostic!enticaltophotosynthesis inflowering 
plants) 

~=:..""'obic:al!y.translerringene,gytomaintaincell 

Obtains the biochemicals it requires for metabolism 
byd>gestioooffoodpa,tides.fnergytransfenedby 
resp<fatioomakesthispossible 

Corrmonly.reproduc:tionor:rn,sbyJ"O.JCleardivision 
foUowedbyatrans\'efSeconstrictioo ofthecytoplasm 

Swimsrapid!ythroughthewater.mtatingas itgoes 

foodvacuoleswithincanbeseenbeingcaniedarour,d 
the toplasm 

Smallcellsgrowtolullsizepriortocelldivision{dividing 
into two cells) 

resp· rat·on 

Manufac:turesallbiochemic:alsitrequireslor 
metabolismUSOngsugm(fmmphotosynthesis)and 
ions(sucha,I\Otrates)fromthesunooodingwater. 
Ene<gytransfenedbyrespirationmakesthispossible 

~~·;;;:t:te pmdlKts {mainly co,)"""' the entire 

reproduction Periodkal!ythecellcootent,divideintofour 
auto,poresthatei>Chfomlsacellwa ll,.-ound 

::;:::,r:,·!~~:.e~er~:~t"'"d by 

moveme nUlocomotion A stationary cell 

=;::withinstreamaroundwithinthepla,= 

sensitivity Typic:a'lyrespondstotheabsenceollightbynuclear 
fo11owedby celldivistoo 

growth/development Smallcellsgrowtof~lsize priortocelldivisioninto 

'"~ 
• Flgure 1.Slnvestlgatlngthefunctlonsofllfelnunlcellularorganlsms 

• Examining ce lls, and recording structure and size 
We use microscopes to magnify the cells of biological specimens in order to view them. figure 1.6 
shows two types of light microscope 

In the simple microscope (hand lens), a single biconvex lens is supported in a frame so that 
the instrument can be held very close to the eye. Today, a hand lens is mostly used to observe 
external structure, although some of the earliest detailed observations of living cells were made 
with single-lens instruments 

In the compound microscope, light rays are focused by the condenser on to a specimen on 
a microscope slide on the stage of the microscope. light transmitted through the specimen is 
then focused by two sets of lenses (hence the name 'compound microscopel The objective lens 
forms an image (in the microscope tube) which is then further magnified by the eyepiece lens, 
producingagreatlyenlargedimage. 

Biological material to be examined by compound microscopy must be sufficiently transparent 
for light rays to pass through. When bulky tissues and parts of organs are to be examined, thin 
sections are cut. Thin sections are largely colourless. 
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Light microscopy 
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You need to master and be able to demonstrate these upects of good prac ti ce 

Knowledge of the parts of your microscope, and care of the instrument - its light ,;ource, leno;es and focus ing 
mectiani~1 

Use in low-power magnifiG1tion first, using prepared slOO and temporary moun ts 

Switching to high-power magnification, maintaining locus ;md examining different parts of t he image 

Types of microscope slides aml the prep.iration of temporary mounts, both stained and unstained 

Gettlngstarted:Witha1lide,adropofwaterandarnverslip, yoocantraptinyairbubble1underthernver 
slip. Now try examining one of these air bubble-; under low-power magnification and then its meniscus under 
high power 

• Recording observations 

using th e 
compound 

microscope 

turret - a<ilist..-nedtheobjeclives 
clickintoplace,firstthemedium­
powe,,thenthehigh· JIOW<'f 

condenser - fornseslightoo 
totheobject1<ilh irisdia phragm 
- Ull'dtova,:ytheintensityoflight 
,eachongtheobject 

Images of cells and tissues may be further magnified, displayed, projected and saved for printing 
by the technique of digital microscopy (Figure 1.7). A digital microscope is used or, alternatively, 
an appropriate video camera is connected by microscope coupler or eyepiece adaptor that 
replaces the standard microscope eyepiece. Images are displayed via video recorder, TV monitor 
or computer, and may be printed out by the latter. 
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• Fl gure 1.7 

Dlgltalmlcroscopy 

Alternatively, a record of what you see via the compound microscope may be recorded by 
drawings of various types (Figure 1.9). For a dear, simple drawing 

• use a sharp HB pencil and a dean eraser 

• use unlined paper and a separate sheet for each specimen you record 

• draw dear, sharp outlines, avoiding shading or colouring (density of structures may be 
representedbydegreesofstippling) 

• label each drawing with appropriate information, such as the species, conditions (living or 
stained; if stained note which stain was used) and type of section (transverse section, TS, 
or longitudinal section, LS) 

• label your drawing fully, with labels well dear of the structures shown, remembering that 
label lines should not cross 

• annotate (add notes about function, role and development) if appropriate 

• include a statement of the magnification under which the specimen has been observed 

p<eparedslideo/TSstem 
of1.Unflo,,,t,,f(He/ianrhus) 

p,;ntoltissuesol 
the outerpartol 

::::.:'.e.~t~ng 
xylem(water 
transporting) 

Jlhloem(,.,trieot 
transporting) 
cambium 
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• Measuring microscopic objects 
The size of a cell can be measured under the microscope. A transparent scale, called a graticule, 
is mounted in the eyepiece at the focal plane (there is a ledge for it to rest on). In this position, 
when the object under observation is in focus, so too is the scale. The size (for example, length 
or diameter) of the object may then be recorded in arbitrary units. Next, the graticule scale 
is calibrated using a stage micrometer - in effect, a tiny, transparent ruler, which is placed 
on the microscope stage in place of the slide and then observed. With the eyepiece and 
stage micrometer scales superimposed, the true dimensions of the object can be estimated in 
micrometres. Figure 1.8 shows how this is done. 

<>OSeJl'l'(ewi!h 
me<ium·andh'9h· 
powerobjecti,es 

ss~--~"'!o;.--

wi!hiris 
diaphragm 

1Musuringac.U(e.g.a redbloodc•IIJ 
byalignmentwithth•scaleonthe 
eyepiecegrati<ul• ,,.---.=-

....... ~~1 r~~m~t!h 
led cel l diameter 
measured 
(arbitrary units) 

2Calibratingth• graticulescal• 
byalignmentofgrati<uleand 
stage micrometer seal•• 

thestagemicrometerisplac:edonthe 
stageinplac:eofthepreparedslideand 
examinedatthesamemagnificabon 

;;:r~~~:p<>·~st~agemicmmete, 

1.5(15units) 

~

' 

0 10µm 

themeasurernentoltheblood 
celd.ameteri,cOfWl'ftedloa 
µmmeas ..-ement 

inthiscase.the,l'dcejl 
"JIPl'"''tohavea 
diamete,ofabout8µm 

Once the sire of a cell has been measured, a scale bar line may be added to a micrograph or 
drawing to record the actual size of the structure, as illustrated in Rgure 1.10. 
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• Rgure 1.9 vi •w (phue contrut)ofth• layerofthe 
ce lls(• pith• lium)~ningthe stomachwall 

photomicrographofAmoeba profe us(living spec im• n) - phas• 
contrast microscopy 

• Flgure 1.10Recordlng slzebyme,ansof scalebars 

TheliC,ngofthestornachconsistsofcolumnar 
epithelioo,.All cells,euetemlJCuscopiously 
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Magnif ication and resolution of an image 
Magnification is the number of times larger an image is than the specimen. The magnification 
obtained with a compound microscope depends on which of the lenses )OU use. For example, 
using a x!O eyepiece and a x!O objective lens (medium power), the image is magnified x!OO 

giveninfigurel.10. 
calculate the 
maximum observed 
length of the 
Amoeba cell (10 x 10). When you switch to the x40 objective (high power) with the same eyepiece lens, then 

----- the magnification becomes x400 (10 X 40). These are the most likely orders of magnification you 
will use inyourlaboratory11-Urk. 

Actually, there is no limit to magnification. For example, if a magnified image is photographed, 
then further enlargement can be made photographically. This is what may happen with 
photomicrographs shown in books and articles. Magnification is given by the formula· 

magnification = si:~z:t:;.:~:n 

So, for a particular plant cell of lSOµm diameter, photographed with a micro,cope and then 
enlarged photographically, the magnification in a print showing the cell at 15cm diameter 
(ISOOOOµm)is 

150 OOO ---rro- = 1000 

If a further enlargement is made to show the same cell at 30cm diameter (300 OOOµm), then the 
magnification is 

m..gnificalion In this cast-, the image size has been doubled, but the detail will be no greater. You will not be 
ocrnr1 with a x6 able to see, for example, details of cell membrane structure, however much the image is enlarged. 
l")'epiece and a ~10 This is because the larers making up a cell's membrane are too thin to be seen as separate 

_ ,_bJect_ '' ___ structuresusingthelightmicroscope(Figure I.II). 

• Rgure 1.11 

Magnification 

chloroplast enlarged (x6000) 
a) fromatrilllsmi,sionelectroomKrograph b) lromaphotomiuog,aphobtainedbylicjltmKJosc<v,' 

The resolution (resolving power) of a microscope is its ability to separate small objects which 
are very close together. If two st-parate objects cannot be resolved, they are seen as one object. 
Merely enlarging them does not separate them. Resolution is a property of lenses that is quite 
different from their magnification - and is more important. 

Resolution is determined by the wavelength of light. Light is composed of relati\"ely long 
wavelengths, whereas shorter wavelengths give better resolution. For the light microscope, the 
limit of resolution is about 0.2 µm. This means tll-U objects less than 0.2 µm apart may be seen as 
one object. 

Calculating linear magnification and actual size of images and objects is detailed in 
Appendix 2: bwes1igmions, dara handling and simisticJ which is available on the accompanying 
,,,ebsite. 
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• Rgure1.12 

Increasing size 

5 Co'1Siderimaginary 
rnbic"cells"with 
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TOK link 
MIUOK.aplc. l!Wntrultton of mMII 
livingliss11es, preparedforexamiriation11nderthemimisrnpe.aretypic: ol!yrntintothins.ectiomand 
1toined. B0thofthe1eprrn:es'>elmayaltertheappearanceofcell1 . lsovrknowledgeacquiredwiththeaid 
of tedmology fundamentally different Imm that wt.ich we acquire Imm our unakied semel II so. what may 
be doneaboutthis.inpracticaltermsl 

• Cell size and ce ll growth 
The materials required for growth and maintenance of a cell enter through the outermost layer 
of the cytoplasm, a membrane called the plasma membrane. Similarly, waste products must leave 
the cell through the plasma membrane. 

The rates at which materials can enter and leave a cell depend on the surface area of that 
cell , but the rates at which materials are used and waste products are produced depend on the 
amount of cytoplasm present within the cell. Similarly, heat tram fer between the cytoplasm and 
environment of the cell is determined by surface area 

Surface area:volume ratios and cell size 
As the cell grows and increases in size, an important difference develops between the surface 
area available for exchange and the volume of the cytoplasm in which the chemical reactions of 
life occur. The volume increases faster than the ourface area; the surface area:volume ratio falls 
(SA:V, figure 1.12). So, with increasing size of a cell, less and less of the cytoplasm has access to 

the cell surface for exchange of gases, supply of nutrients and loss of waste products 

...-ta.cearea 
volume ratio 

Put another way, we can say that the smaller the cell is, the more quickly and easily materials 
can be exchanged between its cytoplasm and environment. One consequence of this is that cells 
cannot grow larger indefinitely. When a maximum size is reached, cell growth stops. The cell 

c Explain the effect may then d ivide. The process of cell division is discussed later (page 51). 

of increasing Metabolism and cell size 
cell size on the 
efficiency of The extent of chemical reactions that make up the metabolism of a cell is not directly related to 
diffusion in the the surface area of the cell , but is related to the amount of cytoplasm, expressed as the cell mass. 
removal of waste In summary, we can say that the rate of metabolism of a cell is a function of its mass, whereas 
producti from the rate of exchange of materials and heat energy that metabolism generates is a function of the 

__ '_'"-~ -""'-""'- - cell's surface area. Metabolism is the subject of later chapters (pages 63 and 345) 
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• Multicellular organ isms - specialization and division of labour 
We have seen that unicellular organisms, though structurally simple, carry out all the functions 
and activities of life within a single cell. The cell feeds, respires, excretes, is sensitive to internal and 
external conditions (and may respond to them), may ma1-e, and eventually divides or reprOOuces. 

By contrast, the majority of multicellular orgunisms - like the mammals and flowering 
plants - are made of cells , most of which are highly specialized to perform a particular role 
or function (Figures 1.13 and 1.14). Specialized cells are organized into tissues and organs. A 
tissue is a group of similar cells that are specialized to perform a particular function, such as 
heart muscle tissue of a mammal. An organ is a collection of different tissues which performs a 
specialized function, such as the heart of a mammal. So, the tissues and organs of multicellular 
orgunismsoonsistofspecializedcells. 

• Flgure1.13 Tlssuesof a leaf 
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• Rgure 1.14 

Tlssuesofpartofthe 

mammalian gut 

Two ol the mar,;~ that make up smooth musd• 
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~:~::;;:~~=~ 
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We ha,-e seen that the nucleus of each cell is the structure that controls and directs the activities 
of the cell. The information required for this exists in the form of a nucleic acid, DNA. The 
nucleus of a cell contains the DNA in thread-like chromosomes, which are linear sequences 
of genes (page 131). Genes control the development of each cell within the mature organism. 
We can define a gene in different ways, including 

• a specific region of a chromosome which is cap-able of determining the development of a 
specific characteristic of an organism 

• a specific length of the DNA double helix (hundreds or thousands of base pairs long) which 
cOOesfora protein. 

So, when a cell is becoming specialized - we say the cell is differentiating - some of its genes 
are being activated and expressed. These genes determine how the cell develops. In the next 
chapter we explore both what happens during gene expression and the mechanism by which 
a cell's chemical reactioru are controlled. For the moment, we can jll'it note that the nucleus 
of each cell contains all the information required to make each type of cell present within 
the whole organism, only a selected part of which information is needed in any one cell and 
tissue. Which genes are activated and how a cell specializes are controlled by the immediate 
environment of the differentiating cell, and its position in the developing organism 

The cost of speciali zation 
Specialized cells are efficient at carrying out their particular function, such as transport , support 
or protection. We say the resulting differences between cells are due to division of labour. 
By specialization, increased efficiency is achieved, but at a price. The specialized cells are 
now totally dependent on the activities of other cells. For example, in animals, nerve cells are 
adapted for the transport of nerve impulses, but depend on red bkxxl cells for oxygen, and on 
heart muscle cells to pump the blood. This mOOification of cell structure to support differing 
functions is another reason why no 'typical' cell really exists. 

r 
Lookingfortrendsanddiscrepancies 

• Non-cellular organization - an exceptional condition 
Although most organisms conform to the cell theory, there are exceptions. In addition to the 

:a;:~::~~i::!~::;;1:t!:~~:l~~,::~~i~~~i::~::i;:il:~*~~ :~ 0~:r~:;i~l~i~tleate 

called acellular. An example of an acellular organism is the pin mould Rhizapus , in which the 
'plant' lxx:ly consists of fine, thread-like structures called hyphae. An example of an acellular 
organ is the striped muscle fibres that make up the skeletal muscles of mammals (Figure 1.15). 
The internOOal cells of the giant alga Nile/la are also multinucleate. 
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Rhizopu,,po,.."gem,inale" 

J::b~i:~'!~ 
fa',OUfablegr<Mingrordtions 
AnextemMmyceliumof 
branchinghyphaeisformed 

e;,chmusclefib,ecoolains 
seVl'faloodei(i.e.asyncytium) 

• Rgure 1.1 5AcellularorganlzatlonlnRh/zopus,lnskeletalmuscleflbresandlnN/te//a 

• The life history of t he ce ll and the nature of stem ce lls 
Multicellular organisms begin life as a single cell, which grows and divides, forming very many 
cells, and these eventually form the adult organism (Figure 1.16). So, cells arise by division of 
existing cells. The time between one cell division and the next is known as the cell cycle. 

young cel l ,==--+ cell division ........ cell CJfowlh eel specializatkm =nm+ ::~: ~eit~~kaiai~ - , 

"-== somecellscootiooe to grow and di,,;de ...) 
repeatedy.ratherthanspecialize 

~ ' 
e.g.redbloodcell:lo5esmx:leus.andcytoplasm I 
fi llswithoxyger-..carryingp>gment(hemoglobCl) I 
andenzyme(carbonicanhydrase) I 

~ Extension not• 
lnhealthyorganisms.cellseventua llydiebyprogramm.tc.Ud.ath(PCD).aprocess 
controHedbyspecilicgenes.lnPCO.a llpartsofac<ala,epackagedinmembra,..,and 
engu!ledbysuflOOOdClgcells.PCOno<mallytakesootallsupe,tluoos.infectedand 
damagedcells.ltisakeypartoftissueandorgandeYelopment 

e.g.stemc<akofbonemarrow.whkhdMdetoform 
thecellsthatdeYelopintoredbkxxlcells.whiteblood 
cellsandplateletsandmorecelslormingslemcells 

• Flgure 1.1 6Thellfehlstoryofacellandtheroleofstemcells 

Differences between 

embryonic and adult 

In the development of a new organism the first step is one of continual cell division to produce 
a tiny ball of cells. All these cells are capable of further divisions, and they are known as 
embryonic stem cells. 

A stem cell is a cell that has the capacity for repeated cell division while maintaining an 
undifferentiated srnte (self-renewal), and the subsequent capacity to differentiate into mature cell 
types (potency). Stem cells are the building blocks of life; they divide and form cells that develop 
into the range of mature cells of the organism. Stem cells are found in all multicellular organisms. 

At the next staged embf)'Ulogical devebpment rrost cells lo.e the ability to divide as they develcp 
into the tissues and organs that make up the organism, such as blood, nerves, lin~r, brain and many 
others. However, a very few cells within these tis.sues do retain many dthe propa"ties of embf}Ullic 
stem cells, and these are called adult stem cells. Table 1.4 compares em\xyonic and adult stem cells 

Embryon lcstem (ES)cells 

Theseareundiffl'l'entiatedcellscapableofrnntinual 
ce lldivisionandofdevelopingintoallthecelltypes 
olanadultorgani1m 

ThesemakeupthebulKoftheembryoasit 
rnmmencesdeveiopment 

Undilferentiatedcellscapableofce!ldivisiom.these 
giverisetoalimitedrangeofcellswithinatissue. /0< 
examplebloodstemcell:sgiverisetoredandwhite 
bloodcellsandplateletsooly. 

Otrnninginthegrowingandadultbody.within 
mostorgans. theyreplacedeadordamagedcells. 
'iUthasinbonemarmw.brainaridliver. 
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Examples of 

diseases that maybe 

treated by stem cell 

technology 

Are there roles for isolated stem cells in medical therapies? 
If stem cells can be isolated in large numN'rs and maintained in viable cell cultures, they have 
uses in medical therapies to replace or repair damaged organs. To do this, isolated stem cells 
mll'it N' manipulated under reproducible conditions so that they: 

• continue to divide in a sterile cell--culture environment (relatively large rnlumes of tissue are 
required) 

• differentiate into specific, desired blcod cell types, like heart muscle 

• surviveinapatient'slxxlyaftertheyhavebeenintroduced 

• integrate into a particular tissue type in the patient 's body 

• function correctly in the body for the remainder of the patient 's life 

• do not trigger any harmful reactions within the tissues of the patient's body. 

Medical conditions have been identified in which stem cell technologies may have the potential 
to bring relief or cure, a few examples of which are listed in Table 1.5. 

ln Stargardt's dlsease the reisallfeal«lownoflight-sensitivecellsintheretinaiotheareawtterefine 
focusingocrnrs.Pl'fipheralvisionisnotioitially;iffected.butblimlnessisatypicaloutrnmeinmostcases 
ltisaninheritedcondition. duetoamutationofageneassociatedwiththeprocessiogofvitaminA inthe 
eye. Cu rrently.l'fnbryonicstemcellsarebeingused inhum,mdioicaltrialstorl'l)e!ler.itedamagedlight· 
seositive celis. Stem celis have been tested in animal models. re1,Ullin9 in 100% improvement in some cases 
Parklnson's dlsease arisesffornthedeathofneurom {oervecells)iothepartofthemid-brainthatcontro!s 
s.ubconscious muscle aclivi~es by meam of a neumtrammitter subst.ince call ed dopamioe. Movement 
disorders result. with tmnors io the tlaods. limb li9idrty. slowness of movements aod impaired baiaoce 

Cardiac muscle damage (death of musde fibres) can be due to myocardial Infarction. or heart attack. 
aodiscausedbymajor interrupticmtothebloodsupplyto.ireasof cardiacmuscle 

"Type 1 diabetes arises when the II-cells of the pancreas are destroyed by the body"s immuoe system and 
aseverelackof imulioresults. lmulio{ahorrnone)oor ma llymain tainstheblood"sglucosernoceotraUon 
at.ibout90mg/100cm'.lndiabetics.thelevelofblood glocosei1ootrnotrolledandgeol'fallybernmes 
perm.inent ty raised . Glucoseisrl.'(J ularly excreted in theurine 

111!1111!1111111 Ethical implications of research 

• Where do therapeutic stem cells come from? 
Stem cells may be obtained in several different ways. 
l Embryonic stem (ES) cells may come from the 'spare' embryos produced by the infertility 

clinicsthattreatinfertilecouples,protJidedihisisallowedin!awandagreedbytlwparents. 
TOOay, this remains controwrsial - the chief objection is that the embryo's 'life' is destroyed 
in the process of gathering stem cells 

2 Blcod extracted from the umbilical cord at the time of birth (cord blood) contains cells 
indistinguishable from the ES cells obtained as described above. Samples of cord blcod 
(typically 40- IOOcml) are collected, the stem cells are harvested, and then multiplied 
by sterile cell--culture technique to yield sufficient ES cells for practical purposes. Since 
100 million babies are born each year, this source should surely grow to be significant. 

3 Sources of adult stem cells are also sought. They have been identified in many organs and 
tissues including the brain, bone marrow, skin and liver, although present there in tiny 
quantities and in a non-dividing state. These stem cells are naturally activated by damage or 
disease in the organ where they occur. The stem cells that generate blcod cells are obtained 
from bone marrow and are already used in treatments 

• Ethical implications in stem cell research 
Stem cell research generates ethical issues. Edrics are the moral principles that we feel ought to 

influence the conduct of a society. The field of ethics is concerned with how we decide what is 
right and what is wrong. Today, developments in science and technology influence many aspects 
of people's lives and often raise ethical issues. Stem cell research is just one case in point. 

You can learn more about ethics and how ethical decisions are made in Appendix 3: Defining 
eihics and making eihical decisions on the accompanying website 
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Uslngthetransml55lon 

electron microscope 
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, ldentlfy thepo intsyoufeelareimportantinsupport ofandinopposltlon totheharvestanduseof 
EScell1inmedicaltherapies 

• Keeping in touch w ith developments 
ES cell techniques are controversial and experimental, and new therapeutic developments and 
challenges arise all the time 3S research progresses in many countries. You can keep in rouch 
with developments in this (and other) 3Spectsof modem biology by reference to journals such as 
Biological Sciences Ret,,i,,w (www.bsr.manchester.ac.uk) and Scieruific American (www.sciarn .oom). 
Other sources, including the BioNewi website (www.bionews.org.uk), may be accessed using an 
internet search engine. 

1.2 Ultrastructure of cells -eukarroteshaveamuchmorecomptex 
cell structure than prokaryotes 

• Electron microscopy - the discovery of ce ll ultrastructure 
Microscopes were invented simultaneously in different parts of the world at a time when 
information travelled slowly. Modem..day advances in microscopy and communications have 
allowed for improvements in the ability to investigate and collaborate, enriching scientific 
endeavour. 

The electron microscope uses electrons to make a magnified image in much the same way 
as the optical microscope uses light. Ho-,,,ever, because an electron beam has a much shorter 
wavelength, its resolving power is much greater. When the electron microscope is used with 
biological materials, the limit of resolution is about 5 nm. (The size of nanometres is given in 
Tablel.l,page2.) 

Only with the electron microscope can the detailed structures of the cell organelles be 
obserYed. This is why the electron microscope is used to resolw the fine detail of the contents 
of cells, the organelles and cell membranes, collectively known as cell ultrastructure. It 
is difficult to exaggerate the importance of electron microscopy in providing our detailed 
knowledge of cells. 

In the electron microscope, the electron beam is generated by an electron gun, and 
focusing is by electromagnets, rather than by glass lenses. We cannot see electrons, so the 
electron beam is focused onto a fluorescent screen for viewing, or onto a photographic plate 
forpermanentrecording(Figurel.17). 

In transmission electron microscopy, the electron beam is passed through an extremely thin 
section of material. Membranes and other structures are stained with heavy metal ions, making 
them electron-0paque so they stand out as dark areas in the image. 

flectronmkroscope<h.weagreater 
iesolw>gpowerthanbcj,tmicrosa,pes 
Tt,e;rap~icatiootobkilogyhalestablished 
thep<esenceand1tructureofallthecell 
organelles 
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• Rgure 1.18 

A scanning electron 

micrograph 

In scanning electron microscopy, a narrow electron beam is scanned back and forth across the 
surface of the specimen. Electrons that are reflected or emitted from this surface are detected 
and converted into a three-dimensional image (Figure 1.18, Figure 6.40, page 290 and Figure 9.6, 
page378). 

Freeze etching 

red blood c• lls 
(S.711mindiamet er) 

In an alternative medtod of preparation, biological material is insiamly frozen solid in liquid 
nitrogen. At atmospheric pressure this liquid is at - 196°C. At this temperature living materials 
do not change' shape as the water present in them solidifies instantly. 

This solidified tissue is then broken up in a vacuum, and the exposed surfaces are allowed to 

lose some of their ice; the surface is described as 'etched' 
Finally, a carbon replica (a form of'mask') of this exposed surface is made and coated 

with heavy metal to strengthen it. The mask of the surface is then examined in the electron 
microscope. The resulting electron micrograph is described as being prOOuced by freeze-etching. 

A comparison of a cell nucleus observed by both transmission electron microscopy and by 
freeze etching is shown in Figure 1.19. Look ai these images carefully. The picture we get of nucleus 
structure is consistent; we can be confident that our views of cell structure obtained by electron 
microscopy are realistic. 

••plicaoffrM-Hchedsurfac• 

• Rgure1.19 Electronmlcrographsfromthln-sectlonedandfreeze-etchedmatertal 
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TOK link 

Theinvestigation olcellstructuresby observationofelectronmiaographsolverythinsl'Ctionsoltis1,Ue 
(.ifterdehydrationandstaining)rai'il'slheissueolwhethe1thestructuresob'i!'rveda1eactuallyp1esent{01 
are artef..c:ts). The solution to this problem. demibed atmve. is an example ol how sc:ientilic Knowledge may 
1equiremultipleob1ervatJOmassistedbytechnoklgy 

r 
Developments in scientific research fo llow improvements in apparatus 

• The impact of electron microscopy on cell biology 

The presence and structure of organelles 
The nucleus is the largest substructure (organelle) of a cell and may be observed with the light 
microscope. Howewr, most organelles cannot be vie-,,,ed by light microscopy and none is large 
enough for internal details robe seen. It is by means of the electron microscope that we have 
learnt about the fine details of cell structure. We now think of the eukar)Otic cell as a bag 
of organelles suspended in a fluid matrix, contained within a special membrane, the plasma 
membrane. 

• Prokaryotic and eukaryotic organization 
Living things haw traditionally been divided into t'M> major groupings: animals and plants 
However, the range of biological organization is more diverse than this. The use of the electron 
microscope in biology has led to the discm-ery of two types of cellular organization, based on the 
presenceorabsenceofanucleus. 

Cells of plants, animals, fungi and protoctista have cells with a large, obviOU'i nucleus 
The surrounding cytoplasm contains many different membranous organelles. These types of 
cells are called eukaryotic cells (meaning a 'good nucleus'). 

On the other hand, bacteria contain no true nucleus and their cytoplasm does not have the 
organelles of eukaryotes. These are called prokaryotic cells (meaning 'before the nucleus'). 

This distinction between prokar)Otic and eukar)Otic cells is a fundamental division and is 
more significant than the differences between plants and animals. We will shortly return to 

examine the detailed structure of the prokaryotic cell, chcosing a bacterium as our example 
(page 28). First, we need to lcok into the main organelles in eukaryotic cells. 

The ultrastructure of the eukaryotic cell 
In the living cell there is a fluid around the organelles. This is a watery (aqueous) solution of 
chemicals, called the cytosol. The chemicals in the cytosol are substances formed and used in 
the chemical reactions of life. All the reactions of life are known collectively as metabolism, and 
the chemicals are known as metabolites 

Cytosol and organelles are contained within the plasma membrane. This membrane is 
clearly a barrier of sorts. It must be crossed by all the metabolites that move between the 
cytosol and the environment of the cell. We will return to the structure of cell membrane 
and how molecules enter and \eaYe cells. We next consider the structure and function of 
the organelles. The ultrastructure of a mammalian li,·er cell is shown in Figure 1.20. The 
interpretiYe drawing is an illustration of the application of the rules relating to observing 
microscopic structure (page8). 

Our knowledge of organelles has been built up by examining electron micrographs of many 
different cells. The outcome, a detailed picture of the ultrastructure of animal and plant cells , is 
represented diagrammatically in a generalized cell in Figure 1.21. 
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electronmicrographofliverc• 11• (•17SOO) 

interpretive drawing 
nucl• us - controtla<>d 
directsthe;,ctivi!iesof 
the cell 

• Rgure 1.20 Electron micrograph of a mammalian liver cell with Interpretive drawing {•17500) 

Introducing the organelles 

1 Nucleus 

The appearance of the nucleus in electron micrographs is shown in Figure 1.19 (page 18). 
The nucleus is the largest organelle in the eukaqoticce\l, typically 10- 20µm in diameter. 
It is surrounded by a double-layered membrane, the nuclear envelope. This contains many 
pores. These pores are tiny, about 100 nm in diameter. However, the pores are so numerous 
that they make up about one third of the nuclear membrane's surface area. This suggests that 
communications between nucleus and cytoplasm are important. 
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plant cell 
Goi giaJlPil<a!us 

chloroplast 
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,~. 

lemJIO<'l,YVacuok>s 
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ce1Ulo5e 
cellw.MI 

• Rgure 1.21 Theultrastructureof theeukaryotlcanlmal and plantcell 

The nucleus contains the chromosomes. These thread-like stroctures are visible at the time the nucleus 
divides(~ 142). At other times, the chrom;:)S()!Jles appear as a diffuse netwcd: called chromatin 

One or rrrue nucleoli are present in the nucleus, too. A nucleolus is a tiny, rounded darkly­
staining lxxly. It is the site where ribosomes (see below) are synthesized. Ouomatin, chromosomes 
and the nucleol.us are visible only if stained with certain dyes. The everyday role of the nucleus in cell 
management, and its behaviour when the cell divides, are the subject ofSectioo. 1/J (~ 51). 

Here, we can note that most cells contain one nucleus but there are interesting exceptions. 
For example, both the red bkxxl cells of mammals (page 256) and the sie..-e tube element of the 
phloem of flowering plants (page 388) are without a nucleus. Both lose their nucleus as they mature. 

2 Centrioles 

A centriole is a tiny organelle consisting of nine paired microtubules (Figure 1.ZZ), arranged 
in a short, hollow cylinder. In animal cells, two centrioles occur at right-angles, just outside the 
nucleus, forming the centrosome. Before an animal cell dh·ides, the centrioles replicate, and 
their role is ro grow the spindle fibres - the spindle is the structure responsible for movement of 
chromosomes during nuclear division. 

Microtubules themselves are straight, unbranched hollow cylinders, only 25nm wide. 
The cells of all eukaryotes, whether plants or animals, have a well-organized system of these 
microtubules which shape and support the cytoplasm. Microtubules are im·olved in rruwement of 
other cell components within the cytoplasm too, acting to guide and direct them. The network 
of microtubules is made of a globular protein called tubulin. This is built up and broken down in 
thecellasthemicrotubuleframev,orkisrequiredindifferentplacesfordifferenttasks. 
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3 Mitochondria 

Mitochondria appear mostly as rcxl-shaped or cylindrical organelles in electron micrographs 
(Figure 1.23). Occasionally their shape is more ,,uiable. They are relatively large organelles, 
typically 0.5- L5µm wide, and 3.0- 10.0µm long. Mitochondria are found in all cells and are 
usually present in very large numbers. Metabolically very active cells contain thousands of them 
in their cytoplasm - for example, muscle fibres and hormone-secreting cells 

The mitochondrion also has a double membrane. The outer membrane is a smooth 
boundary, the inner membrane is folded to form cristae. The interior of the mitochondrion 
contains an aqueous solution of metabolites and enzymes. This is called the matrix. 
The mitochondrion is the site of the aerobic stages of respiration (page 118). 

ln themitochor>drioomal\yoftheenxyme,of 
, .. p<,ationarehoused.andthe"el\l'fgyc,xrel\C'f" 
molectksa<lenosinetriJ)ho<phate(ATl'),.-elormed 

4 C hloroplasts 

Chloroplasts are large organelles, typically biconvex in shape, about 4- IOµm long and 2- 3 µm 
wide. They occur in green plants, where most occur in the mesophyll cells of leaves. A mesophyll 
cell may be packed with 50 or more chloroplasts. Photosynthesis is the process that occurs in 
chloroplasts. Photosynthesis is covered in Chapter Z. 
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The chloroplast 
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Lookm the chloroplasis in theclemon microgmph in Figuw 1.24. Each chloroplast has a double 
membrane. The outer layer of the membrane is a continuous boundary, but the inner la~·er is 
tucked to form a system of branching membranes called lamellae or thylakoids. In the interior 
of the chloroplast, the thylakoids are arranged in flattened circular piles called grana (singular 
granum). These look a little like a stack of coins. It is here that the chlorophylls and other 
pigments are located. There are a large number of grana present. Between them, the branching 
membranes are very loosely arranged in an aqueous matrix, usually containing small starch 
grains. This part of the chloroplast is called the stroma. 

Chloroplasts are one of a larger group of organelles called plastids. Plastids are found in 
many plant cells but never in animals. The other members of the plastid family are leucoplasts 
(colourless plastids) in which starch is stored, and chromoplasts (coloured plastids), containing 
non-photosynthetic pigments such as carotene, and occurring in flower petals and the root tissue 
of carrots. 

small subunit 5 Ribosomes 

e3 
Ribosomes are tiny structures, approximately 25nm in diameter. They are built of two 
subunits and do not have membranes as part of their structures. Chemically, they consist of 
protein and a nucleic acid known as RNA. Ribosomes are found free in the cytoplasm and 
bound to endoplasmic reticulum (rough endoplasmic reticulum - RER, see below). They also 
occur within the mitochondria and in the chloroplasts. The sizes of tiny objects like the 
ribosomes are recorded in Svedberg units (S). This is a measure of their rate of sedimentation 

la,ge ,ubunot in centrifugation, rather than of their actual size. Ribosomes of mitochondria and chloroplasts 
• Figure 1_25 are slightly smaller (705) than those in the rest of the cell (80S). We will return to this issue 
The ribosome later(pageSI). 

Ribosomes are the sites where proteins are made in cells. The stnx:ture of a ribosome is shown 
in Figure 1.25. Many different types of cell contain vast numbers of ribosomes. Some of the cell 
proteins prOOuced in the ribosomes have structural roles. Collagen is an example (page 92). Most 
cell proteins are enzymes. These are biological catalysts. They cause the reactions of metabolism 
to occur quickly under the conditions found within the cytoplasm 

I Ex.plain why the nuck>us in .i human chl.'!'kcell (Figure 1.3. page 4)maybe ~ewedby l~ht mkmsrnpy in 
anappropriatelystaif\l'dcell.buttheribosomescannot 
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6 Endoplasmic reticulum 

The endoplasmic reticulum consists of a network of folded membranes formed into sheets, 
tubes or sacs that are extensively interconnected. Endoplasmic reticulum 'buds off' from the 
outer membrane of the nuclear envelope, to which it may remain attached. The cytoplasm of 
metabolically active cells is commonly packed with endoplasmic reticulum. In Figure 1.26 we 
can see there are two distinct types of endoplasmic reticulum 

• Rough endoplasmic reticulum (R ER) has ribosomes attached. At its margin, vesicles 
are formed from swellings. A vesicle is a small, spherical organelle bounded by a single 
membrane, which becomes pinched off as it separates. These tiny sacs are then used to 
store and transport substances around the cell. For example, RER is the site of synthesis 
of proteins that are 'packaged' in the ,·esicles and then typically discharged from the cell 
Digestive enzymes are discharged in this way. 

SER and RER in cytoplasm. showing origin from o ute r me mbra ne of nudeus e lectron mi crog raph of RER 

rough 
endoplasmk 

nucleus reticulum 

site ofstorageofcalciumklns 
in(relaxed)volunta,ymuscle 

• Rgure1.26 Endoplasm lc reUcu lu m,rough(RER)andsmoot h(SE R) 

• Smooth endoplasmic reticulum (SER) has no ribosomes. SER is the site of synthesis of 
substances needed by cells. For example, SER is important in the manufacture of lipids. 
In the cytoplasm of voluntary muscle fibres, a special form of SER is the site of storage of 
calcium ions which haYe an important role in the contraction of muscle fibres 

7 G olgi apparatus 

The Golgi apparatus consists of a stack·like collection of flattened membranO\l'i sacs (Figure 1.27). 
One side of the stack of membranes is formed by the fusion of membranes of vesicles from SER. 
At the opposite side of the stack, vesicles are formed from swellings at the margins that, again, 
become pinched off. 

The Golgi apparatus occurs in all cells , but it is especially prominent in metabolically active 
cells - for example, secretory cells. It is the site of synthesis of specific biochemicals, such as 
hormones and enzymes. These are then packa~ into vesicles. In animal cells these vesicles may 
form lysosomes. Those in plant cells may contain pol~-saccharides for cell wall formation (page 78). 
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electronm icrographofGolgi apparatus. in section 

• Fl gure 1.27 TheGolgl apparatus 

• Fl gure 1.28 

Lysosomes 

8 l ysosomes 

Lysosomes are tiny spherical vesicles bound by a single membrane (Figure 1.28). They contain a 
concentrated mixture of 'digestive' enzymes. These are correctly known as hydrolytic enzymes 
They are produced in the Golgi a!l)aratus or by the rough ER 

Lysosomes are involved in the breakdown of the contents of 'fcod' vacuoles. For example, 
harmful bacteria that innide the body are taken up into tiny ~11cuoles (they are engulfed) by 
special white cells called macrophages. Macrophages are part of the lxx:ly's defence system 
(Chapter6). 

Any foreign matter or food particles taken up into these vacuoles are then broken down. 
This occurs when lysosomes fuse with the vacuole. The products of digestion then escape 
into the liquid of the cytoplasm. Lysosomes will also destroy damaged organelles in this way. 

When an organism dies, it is the hydrolytic enzymes in the lysosomes of the cells that escape 
into the cytoplasm and cause self-digestion, known as autolysis. 
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9 Plasm a m em brane - the cell su rfuce membrane 

The plasma membrane is an extremely thin structure - less than 10nm thick. It consists of a 
lipid bilayer in which proteins are embedded. This membrane has a number of roles. firstly, 
it retains the fluid cytosol. The cell surface membrane also forms the barrier across which all 
substances entering and leaving the cell must pass. In addition, it is where the cell is identified 
by surrounding cells 

The detailed structure and function of the cell surface membrane is the subject of Section 1.3 
(page30). 

10 C ilia and fl agella 

Cilia and flagella are organelles that project from the surface of certain cells. Structurally, cilia 
and flagella are almost identical, and both can move. 

Cilia occur in large numbers on certain cells, such as the ciliated lining (epithelium) of the 
air tubes serving the lungs (bronchi), where they cause the movement of mucus across the cell 
surface. It is the cilia of this 'bronchial tree' that cigarette smoke destroys oYer time. Flagella 
occur singly, typically on small, motile cells, such as sperm, or they may occur in pairs. 

Cell s may have extracell ular components 
We have noted that the contents of cells are contained within the plasma membrane. However, 
cells may secrete material outside the plasma membrane; for example, plant cells have an 
external wall, and many animal cells secrete gl~Toproteins. 

The plant cell and its wall 

The plant cell differs from an animal cell in that it is surrounded by a wall. This wall is 
completely external to the cell; it is not an organelle. Plant cell walls are primarily constructed 
of cellulose - a polysaccharide and an extremely strong material. Cellulose molecules are very 
long, and are arranged in bundles called microftbrils (Figure 2.18, page 79) 

Cell walls make the boundaries of plant cells easy to see when plant tissues are examined by 
microscopy. The presence of this strong structure allows the plant cell to develop high internal 
pressure due to water uptake, without danger of the cell bursting. This is a major difference 
between the cell water relations of plants and animals. 

----- ~::~~li~~~::i~:::~::~:sa:~:~en! :~~::!e:~~is pr(l>ertY enables cells to form compact 

electroo mitrrnrnpe tissues and organs. Other animal cells occur in simple sheets or layers, attached to a basement 
has increased our membrane below them. These cases of adhesion are brought about by glycoproteins that the 
~;::C~e;!9e of tell cells have secreted. Glycoproteins are large molecules of protein to which large sugar molecules 

----- (calledoligosaccharides) are attached. 

• Analysing transmission electron micrographs of cells 

1 Comparing the organe lles of cell s 
Examine the electron micrographs of specialized animal and plant cells in figure 1.29, and then 
answer question 10 

10 List the organelles common to the an imal and plant tells illustrated in figure 1.29. Annot; te your list by 
rernrdingthepri1Kipal mleorfunttklnofthese1tructure1 

Ll st separatelyanyorgane llesyouobservetobepresentoofy intheplant cell 

11 Draw and label a rep<esentation of the electron micrograph of the pali1;.de mesophyll tell in figure 1.29, 
IISing the interpretive drawing of an ;mim.il tell in Figure 1.20 as a model, and foHowing the guKH'lines on 
biologit.1ldrawingonpage8 
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•l•ctronmicrographofannocrineglandcell 
of the mammalian pancreas electronmicrographofapalisad•mHophylcell 

• Flgure1.29 Electronmlcrographsofnamedanlmalandplantcells 

• Flgure1.30 
Electron micrograph 
ofaspedallzedcell 
(x4500) 

12 1dentlfy the 
featureo;of 
structure in the cell 
inFigure1.30 - ils 
1hape.1izeandthe 
organelk>spfl'sent 
On the basis of 
these observations 
deduce the 
spedalizedrnleof 
the cell.giving your 

2 Deducing the function of specialized cells 
The organelles present in a specialized cell, and their relative numbers, may suggest a specialized 
role for that cell within the multicellular organism in which it occurs. With this in mind, 
examine the cell illustrated in Figure 1.30, and then answer question 12 

The ultrastructure of prokaryotic cells 
We have seen that the use of the electron micr06Cope in biology led to the discovery of 
eukar)Utic and prokaT).utic cell structure (page 19). Bacteria and cyanobacteria are prokar)Utes 
The generalized structure of a bacterium is shown in Figure 1.31. The distinctive features of the 
prokary()(esare: 

• they are exceedingly small - about the size of individual CM:ganelles found in the cells d euka[)Otes 

• they contain no true nucleus but have a single, circular chromosome in the cytoplasm, 
referredtoasanudeoid 

_____ • their cytoplasm does not have the organelles of eukaryotes. 
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Drawing the ultrnstructure of prokaryotic cells based on electron micrographs 

In Figure 1.32, the ultrastructure ofEscherichacoli is shown. E.coli is a common bacterium of the 
human gut - it occurs in huge numbers in the lower intestine of humans and other endothermic 
(once known as 'warm-blooded) wrtebrates, such as the mammals. It is a major component of 
the faeces of these animals 

This tiny organism was named by a bacteriologist, Professor T. Escherich, in 1885. Notice the 
scale bar in Figure 1.32. This bacterium is typically about l- 3µm in length - about the size of a 
mitochondrion in a eukaryotic cell 
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The functions of each of the structures present - cell wall, plasma membrane, cytoplasm, pili, 
flagella, ribosomes and nucleoid, are included as annotations to their labels 

You can practise the skill of drawing the ultrastructure of a eukaT)otic cell , using the electron 
microgrnph shown in Figure 1.32. 
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• Proka ryotic and eukaryotic ce lls compared 
By contrasting Figures 1.32 and 1.20 we can see that there are fundamental differences between 
prokaT)otes and eukaryotes, both in cell size and cell complexity. In Table 1.6, prokaryotic and 
eukaryoticcellsarecompared 

Prokaryotes 

e g. bacteria. cyanobactefia 
cellsareextremely1mall.typicallyaboutl- Sµmin 
diameter 
nucleusabsent;drrnlarDNAhelixinthecytop!asm. 
DNAnotsupportedbyhistoneprotl.'im 

cellwallpresent{peptkloglyc~n - longmolecule1of 
chainsofamiooacidsandsugars) 
few organeltes; membranous structures .ibsent 

proteinssyn thesizedin1mallribosomes(70S) 
somecell:lhavesimpleflagella 
somecanfix.itmospherk:nitrogengasforuseinthe 
productionofaminoacidsforproteinsynthesis 

Eukaryotes 

e.9.mammals. weenplants.fungi 
cellsarela,ger.typicallyS0- 150µ m 

nocleushasdistinctnucJearmembrane(withpores). 
with chromosomes of linear DNA helix supported by 
hi'itoneprotein 
cellwallpresentinplants{l.irgelyofcellulose)and 
lungi (large~ ofthepolysiKch.iridechitin) 
m~nyorganellesboundedbydooblemembrane 
(e.g.chlornplast.mitochondria.nucleus)or1ingle 
membrane(e.g.Golgiapparatus.lysosome.vacuole. 
emloplasmk:rebculum) 
proteinssynthesizedinlarge ribosomeo;(SOS) 
somece!l:lhaveciliaorllage ll.i.lOOnmindiameter 
nonecanmetabolizeatmosphericnitrogenga1 
but.instead.requirenitrogenalreadycombinedin 
moleculesinordertomakeprnteimfromamino 
ac;ds(p 89) 
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• Fl gure 1.33 
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• Ce ll division and reproduct ion in bacteria - the ce ll cycle 
Bacterial cells grow to full size and then divide in tll-U by a process called binary fission 
The complete cycle of growth, from new cell to the !X)int of division, may take as little as 
20 minutes, provided the necessary conditions are maintained. E. co/i is one of many species that 
can reproduce at this rate, at least initially. Of course, this growth rate cannot be maintained 
for long, but it does help to explain why bacteria are so numerous. For example, it is estimated 
that a gram of garden soil contains about 1000 million living bacteria - and an average square 
centimetre of human skin has a mere 10 million individual bacteria on it. 

During growth, the cell contents increase so that after dh·ision each daughter cell has 
sufficient cytoplasm to metabolize and grow. Prior to division, the single circular chromosome, 
present in the form of a circular strand of DNA helix, divides. The copying process, known as 
replication, starts at a particular sequence of bases. This is the gene that codes for the enzyme 
which triggers the replication process. After division of the chromosome, a wall is laid down, 
dividing the cell into two. Daughter cells each have a copy of the chromosome (Figure 1.33). 

cetlwal 

'""'''"''"'= ~~r.:=.,ati..ched olct.--

cytoplasm plasma membrane 

j 

,e,,oo-,=~ "";.., 
"'''''' """'""'"" newwall(septum) .... 

E,cherichia co/i(~14500) 

/\ 
- i~:/rc:517~~ ~ 
14 Ll st thediffereoc:es ~~ 

chromosome of a 
1.'Ukaryoliccell,and 
ofaprok.1ryotk 
cell 

15 Distinguish 
between the 
:~~ingpairsof 

1 cellwal l 
and plasma 
membr~ne 

b nucleusand 

1.3 Membrane structure -thest,uetureotbiologicalmemb,anes 
makes them fluid and dynamic 

We have seen that a plasma membrane is a structure common to eukaryotic and prokaf)otic 
cells. The plasma membrane maintains the integrity of the cell (it holds the cell's contents 
together). Also, it is a barrier across which all substances entering and leaving the cell pass. 

• The structure of t he plasma membrane 
The plasma membrane is made almost entirely of protein and lipid, together with a small and 
variable amount of carbohydrate. Figure 1.34 sOOWs how these comix>nents are assembled into the 

c Hage Ila and pili plasma membrane. This view of the molecular structure of the plasma membrane is known as the 

- '- ~-e~or_t:_•,_:t"_" _ ~~idp::~!):::~ ~: =~:::::;~i::r:::p:fe: :::t::t:=7~~~i!~~~:n 
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16 Draw a diagrammatic crosr,;eclion of the Muid mosak membrane. using Figure 1.34 to help you. Labe l it 
rntrl.'Ctly.uliogtheseterms:phosphol~bilayer.chol!."ilerol.glyrnprotein.ifltegralprotein.peripheralprotein 

The phospholipid component 
The lipid of membranes is phospholipid. The chemical structure of phospholipid is introduced in 
Figure 1.35 and is covered in detail in Oiapter 2, Figure 2.29, page 89. 

Takealookaiphmpholipidsrruc1ure. now. 
You see that phospholipid has a 'head' composed of a gl~erol group, to which is attached one 

ionized phosphate group. This latter part of the molecule has hydrophilk properties (meaning 
'water-loving'). For example, hydrogen bonds readily form between the phosphate head and 
watermolecules(page69). 

The remainder of the phospholipid consists of two long, fatty acid residues consisting 
of hydrocarbon chains. These 'tails' have hydrophobic properties ('water-hating') 
So phospholipid is unusual in being partly hydrophilic and partly hydrophobic. This is 
referredtoas'amphipathic'. 
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Whaiare1heconsequeru:eiof1hiidualnaiureofphospholipid? 
A small quantity of phospholipid in contact with a solid surface (a clean glass pla te 

is suitable) remains as a discrete bubble; the phospholipid molecules do not spread out 
However, when a similar tiny drop of phospholipid is added ro water it instantly spreads 
m·er the entire surface (as a monolayer of phospholipid molecules, in fact) ! The molecules 
float with their hydrophilic 'heads' in contact with the water molecules, and with their 
hydrocarbon tails exposed above and away from the water, forming a monolarer of 
phospholipid molecules (Figure 1.35). When more phospholipid is added, the molecules 
arrange themselves as a bilayer, with the hydrocarbon tails facing together. This is the 
situation in the plasma membrane. 

Additionally, in the lipid bilayer, attractions between the hydrophobic hydrocarbon tails on 
the inside, and between the hydrophilic glycerol/phosphate heads and the surrounding water on 
theoutsidemakeastable,strongbarrier. 

The protein components 
The proteins of plasma membranes are globular proteins (pages 91-92). Some of these proteins 
occur partially or fully buried in the lipid bilayer, and are described as integral proteins. Others 
are superficially attached on either surface of the lipid bilayer and are known as peripheral 
proteins 

The carbohydrate components 
The carbohydrate molecules of the membrane are relatively short--chain polysaccharides. They 
occur only on the outer surface of the plasma membrane. Some of these molecules are attached 
to the proteins (glycoproteins) and some to the lipids (glycolipids). Collectively, they are known 
as the glycocalyx. Its variOll'l functions include cell-cell recognition, acting as receptor sites for 
chemicalsignals,andthebindingofcellsintotissues 

Cholesterol 
Lipid bilayers have been found to contain molecules of a rather unusual lipid, in addition 
to phospholipids, present in variable amounts. This lipid is known as cholesterol (page 86). 
O..olesterol has the effect of disturbing the dose-packing of the phospholipids, thereby 
increasing the flexibility of the membrane. We return to this feature shortly. 

IIIIID:111111 Using models as representations of the real world 

• W hat is the evidence fo r this model of membrane structure? 
What is known about the composition and structure of the plasma membrane has built up from 
evidence over a period of time. Studies in cell structure (cytology), cell biochemistry and cell 
behaviour (cell physiology) all contributed. The first ideas about a 'membrane' were based on the 
observations that 
• cell contents flow out when the cell surface is ruptured - a membrane barrier is present 
• water-soluble compounds enter cells less readily than compounds that dissolve in lipids; this 

implies that lipids are a major component of the cell membrane 
• in the presence of water (the environment of life) phospholipid molecules arrange 

themselves as a bilayer, with the hydrocarbon tails facing together, forming a stable, strong 
barrier 

• protein is also present in cell membranes as a major component - approximately sufficient 
to cover both external surfaces of a lipid bilayer. 

In response to the evidence, in 1952, James Danielli and Hugh Davson, two scientists, proposed 
a membrane structure (which was revised in 1954) in which a lipid bilayer was evenly coated 
with proteins on both surfaces. Pores were thought to be present in places in the membrane 
Early electron micrographs of cell membranes seen in section appeared to support this mOOel 
(Figurel.J6A). 
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• Rgure 1.36 Plasma membrane structure; evidence from the electron microscope (A = electron micrograph of plasma 
membrane;B byfreeze-etchlng) 

Later, additional evidence inspired two cytologists (Singer and Nicholson, in 1972) to propose 
the fluid mosaic model of membrane structure· 

• attempts to extract the protein from plasma membranes indicated that, while some 
occurred on the external surfaces and ,vere easily extracted, others were buried within or 
acrossthelipidbilayers;theseproteinsweremoredifficulttoextract 

• freeze-etching studies of plasma membranes confirmed that when a membrane is, by 
chance, split open along its mid-line, some proteins are seen to occur buried within or 
acrossthelipidbilayers(Figure 1.368) 

• experiments in which specific components of membranes were 'tagged' by reaction 
with marker chemicals (typically fluorescent dyes) showed component molecules to be 
continually on the move within membranes - a plasma membrane could be described as 
strongbut'fluid' 

• lipid bilayers contain molecules of an unusual lipid, cholesterol, the presence of which 
disturbs the dose-packing of the bulk of the phospholipids of the bilayer; the quantity of 
cholesterol present may vary with the ambient temperatures that cells experience 

• on the outer surface of the plasma membrane, antenna-like carbohydrate molecules form 
complexes with certain of the membrane proteins (forming glycoprotcins) and lipids 
(formingglycolipids). 

I 
Falsificationoftheories 
This sequence of discoveries illustrates the part that evidence plays in contradicting earlier 
conclusions and assumptions. The evidence led to a new hypothesis - here represented by a 
new mOOel. Scientific knowledge is always tentative, based on the awilable evidence. It can be 
fa lsified at any moment by contrary evidence. 

17 Statethedifference 
betweenal ipid 
bilayer and the 
double membrane 
ofmariyorganell e1 

TOK Link 
Theexp!anationofthest1uctureoftheplasmamembraneha1changedovertheyear.;asnewevidenceand 
wa"fS ol analysis have come to light. Under what circumstances is it important to learn aboot theories that 
weretaterdisaedited? 

The roles of membrane proteins have been investigated subsequently. Proteins that occur 
partially or fully buried in the lipid bilayer are described as integral proteins. Those that are 
superficially attached on either surface of the lipid bilayer are known as peripheral proteins. 
Some of these membrane proteins may act as channels for transport of metabolites, or be 
enzymes and carriers, and some may be receptors or antigens. Those that are involYed in 
transport of molecules across membranes are in the spotlight in the next section 
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• Flgure 1.37 

across the plasma 

• Flgure1.38 

1.4 Membrane transport -membranes control the composition ot 
cells by active and passive transport 

MoYement of molecules across the plasma membrane of living cells is continual. Into and out 
of cells pass water, respiratory gases (oxygen and carbon dioxide), nutrients such as glucose, 
essentfalionsandexcretoryproducts. 

Cells may secrete substances such as hormones and enzymes, and they may receiYe growth 
substances and certain hormones. Plants secrete the chemicals that make up their walls through 
their cell membranes, and assemble and maintain the wall outside the membrane. Certain 
mammalian cells secrete structural proteins such as collagen, in a form that can be assembled 
outside the cells. 

In addition, the plasma membrane is where the cell is identified by surrounding cells and 
organisms. For example, protein receptor sites are recognized by hormones, by neurotransmitter 
substances from nerve cells, and by other chemicals sent from other cells. Rgure 1.37 is a 
summary of this mO\·ement, and Figure 1.38 summarizes the mechanisms of transport across 
membranes, into which we need to look further. 

uptako,/loss 

"'' 

nutrition 

'""'"· amino.Ki ds. 

~,1;;;,:ds· 

r•c•ptors 
sitesfothonnone<. 
antiger,s.ceilrKognitioo 

ma,ement frnmhicj,to 
lowcoocent,~tioo; 

,, JlfO'.cllagen(assembled 
.-.toccllageofitJreo;ootside 
the mammalian cell) 

--::u-:.:=~1~m 
(assembled to make plant 
celwal l.oolsideceil) 

ncretion 

""' ,.ea(al"IOmal,) 

3bulktransport 
tlansportofsolidsandlot 
bquidsbyvPSicleatthe 
p!asmamembrar>e; 
en<1rgy sourc<1•e,...,gy 
from metabolism 

2 act iv• tra nsport 
selectivema,ement olsubstances. 
againstacoocentrationgradient; 
<1nergysource•energyfmmmetabolism 



• Flgure1.39 
Dlffuslonlnallquld 

1.4 Membrane trans rt 35 

• Movement by diffusion 
Atoms, molecules and ions of liquids and gases undergo continuous random movements. 
These moYements result in the eYen distribution of the components of a gas mixture and of 
the atoms, molecules and ions in a solution. So, for example, we are able to take a tiny random 
,ample from a solution and analyse it to find the concentration of dis.solved substances in 
the whole solution - because any sample has the same composition as the whole. Similarly, 
e,·ery breath we take has the same amount of oxygen, nitrogen and carbon dioxide as the 
atmosphere as a whole. 

Continuous random movements of all molecules ensures complete mixing and even 
distribution, given time, in solutions and gases. 

Diffusion is the free passage of molecules (and atoms and ions) fron1 a region of their high 
concentration to a region of low concentration. 

Where a difference in concentration has arisen in a gas or liquid, random movements carry 
molecules from a region of high concentration to a region of low concentration. As a result, the 
particles become eYenly dispersed. The energy for diffusion comes from the kinetic energy of 
molecules. 'Kinetic' means that a particle has energy because it is in continuous motion. 

Diffll'iion in a liquid can be illll'ltrated by adding a crystal of a coloured mineral to distilled 
water. Even without stirring, the ions become evenly distributed throughout the water 
(Figure 1.39). The process takes time, especially as the solid has first to dissoh·e 

1 Aaystalofpotassiooipermanganate 2Astheioos<i,solve.random 3Theionsbecomeevenlydl:strnuted 
(pota,...um manganate{Vll). KMnO.J ------. moYemenls dispern, them ------. Random movements cootiooe. but 
isplilcedindistilledwate<. through the water. thereisnowoonet--tin 

anyparticulardi"-'Ctioo 

• Diffusion in ce ll s 
Diffusion across the cell membrane occurs where: 

• The plasma membrane is fully permeable to the solute. The lipid bilayer of the plasma 
membrane is permeable to non-polar substances, including steroids and glycerol, and 
also to oxygen and carbon dioxide in solution, all of which diffuse quickly via this route 
(Figurel.40). 
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• Rg ure 1.40 
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• The p:,res in the membrane are large enough for a solute to pass through. Water diffusing 
across the plasma membrane passes via the protein·lined p:,res of the membrane, and via 
tiny spaces between the pho,pholipid molecules. This latter occurs easily where the fluid 
mosaic membrane contains phospholipids with unsaturated hydrocarbon tails, for here these 
hydrocarbon tails are spaced more widely. The membrane is consequently especially 'leaky' to 

water,forexample(Figurel.41). 

11 Student1wereprnvidedwithrnbesof1l;ghttyalkalinegelatineofdifferentdimemiom,rnntainingan 
acid- alkali indi::atorthatisredinalkal i butyelklwin..c:id.Toernbeswereplacedindiluteacidsolution. 
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c Exp la In why the rnklur {hanges more quickly in some blcxks than others 

Facilitated diffusion 
In facilitated diffusion, a substance that otherwise is unable to diffuse across the plasma 
membrane does so as a result of its effect on particular molecules present in the membrane 
In the presence of the substance, these membrane molecules, made of globular protein, form 
into p:,res large enough to allow diffusion; they dose up again when the substance is no 
longer present (figure 1.42). In facilitated diffusion, the energy comes from the kinetic energy 
of the molecules involYed, as is the case in all forms of diffusion. Energy from metabolism 
is not required. lmp:,rtant examples of facilitated diffusion are the movement of ADP into 
mitochondria and the exit of ATP from mitochondria (page 118) 
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Case study: potassium channels for facilitated diffusion in axons 

We will be investig-ating how nerves work later; ~·ou can see the structure of a nerve cell and its 
axon in Figure 6.42 (page 292). For the moment, we can note that a nerve impulse is transmitted 
along the axon of a nerve cell by a momentary reversal in electrical !X)tential difference in the 
axon membrane, brought about by rapid movements of sodium and !X)tassium ions (page 294). 
These ions pass by facilitated diffusion via ix>res in the membrane called ion channels. These 
ix>res are special channels of globular proteins that span the membrane (figure 1.43). They have a 
central channel that can open and close. One type of channel is exclusively permeable to sodium 
ions, and another to potassium ions 

The potassium channel is voltage-gated. This means that it opens or closes depending on a 
certain threshold membrane !X)tential being reached. In fact, when the axon has a more positive 
charge outside than inside, the potassium channels are closed 

Almost immediately that an impulse has passed, there are relatively more positive charges 
inside the axon and the potassium channels open. Now, potassium ions can exit the axon down 
an electrochemical gradient, into the tissue fluid outside. 

Then, as the interior of the axon starts to become less positive again, the potassium 
channel is closed, first by action of a 'ball and chain' device. The 'chain' is believed to be 
a flexible strand of amino acid residues and the 'ball' is globular protein. Finally, when the 
axon has more positive charge outside than inside, the potassium channel itself returns to 

the fully closed condition. 
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• Osmosis - a special case of diffusion 
Osmosis is a special case of diffll'iion (Figure 1.44). It is the diffusion of water molecules across a 
membrane which is permeable to water (partially permeable). Since water makes up 70- 90'lb of 
living cells and cell membranes are partially permeable membranes, osmosis is very imix>rtant in 
biology. Why docs oimosis happen! 

Dissolved substances attract a group of ix>lar water molecules around them. The forces that 
hold the water molecules in this way are weak chemical bonds, including hydrogen bonds. 
Consequently, the tendency for random movement by the dissolved substances and their 
surrounding water molecules is very much reduced. Organic substances like sugars, amino acids, 
ix>lypeptides and proteins, and inorganic ions like Na+, K*, a - and N0

1 
-, have this effect on the 

water molecules around them. 
The stronger the solution (i.e. the more solute dissolved per volume of water), the greater the 

number of water molecules that are held almost stationary. So, in a very concentrated solution, 
very many more of the water molecules ha'"e restricted movement than in a dilute solution 
In pure water, all of the water molecules are free to move about randomly, and do so. 

When a solution is separated from water (or a more dilute solution) by a membrane 
permeable to water molecules (such as the plasma membrane), water molecules that are free 
to mO\·e tend to diffuse, while dissoh·ed molecules and their groups of water molecules hardly 
move, if at all. So there is a net flow (diffusion) of water, from a more dilute solution into a 
more concentrated solution, across the membrane. This why the membrane is described as 
partially permeable 

So we can define osmosis as the net movement of water molecules (solvent), from a region 
of high concentration of water molecules to a region of lower concentration of water molecules, 
across a selectively permeable membrane. Alternatively, ,,,e can state that osmosis is the passive 
movement of water molecules across a partially permeable membrane, from a region of lower 
soluteconcentrationtoaregionofhighersoluteconcentration. 

Dissolved solutes generate solute potentia l 
The dissol\"ed solutes present in the cytoplasm and vacuoles of cells generate a force known as 
the solute potential. Solute ix>tential was previously referred to as osmotic pressure or o;;motic 
ix>tential, although these terms have now been abandoned 

Using a simple osmometer (Figure 1.45) we can demonstrate the solute potential of a 
solution. When the osmometer containing a concentrated solution is lowered into a beaker of 
water, very many more water molecules stream across the membrane into the solution and very 
few move in the opposite direction. The solution is diluted and it rises up the attached tube. 
Osmometers of this sort could be used to compare solute potentials of solutions with different 

20 Wheoarnoceotratl.'d1olubonofgllKo,;ei'i,;eparatedfromadilutesolutiooofglurnsebyapartia lly 
permeable membrane. determine which ,;olution wi ll show a oet gain of w.iter molecules 

21 Ex.pl ; ln whathappenstoafuogalsporethatgerminate1aflerland ingonjammadefromlruitandits 
ownweightofsucro,;e 
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• Rgure 1.44 0smosls 
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Osmosis in plant and an imal cell s 
The effects of osmosis on plant and animal cells can be quite different 

Canyouihinkt1,'hy? 
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First consider osmo,is in an individual plant cell, with its cellulose cell wall (Figure 1.46 A) 
Whether the net direction of water mo\'ement is into or out of a plant cell depends on whether 
theconcentrationofthecellsolutionismoreorlessconcentratedthantheexternalsolution. 

Whentheexternalsol.utionisleS'iconcentrated(hypotonic)thanthecellsolutionthereisanet 
inflow ci water into the cell by osmo,is, and the cell solution becomes diluted. Then the cell contents 
become stretched by water uptake, and ~y press hard against the cell wall If this happens the cell is 
described as t urgid. The pressure that develq,s (due to the stretching of the wall) e\'entually becomes 
so great it prevents further uptake of water. The cell wall has protected the delicate cell contents from 
damage due to o,mo,is, but the tis.lue may be quite rigid due to the internal pressure. 

When the external solution is more concentrated (hypertonic) than the cell solution there is a 
net flow of water out of the cell by osmosis, and the cell solution becomes more concentrated. As the 
vol.ume of cell solution decreases, the cytoplasm pulls away from parts of the cell wall (contact with 
the cell wall is maintained at points where there are cytoplasmic connections between cells). The 
cell becomes flaccid, and it is said to be plasmolysed (from plasnx:, :cytoplasm, lysis: splitting) 
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• Rgure 1.460smoslslnplantandanlmalcells 

In the case ci an animal cell, the absence of a protective cellulose wall ~rates a serious problem in 
terms of water relations. A typical animal cell - a red bkxxl cell is a gco.:l example - when placed in 
pure water or a hnxxonic solution will quickly break open from the pressure generated by the entry 
of an excessive amount ci water by osmosis. This is illustrated in figure 1.46 B. Not ice that the same 
cells, when placed in a hypertonic solution, :;hrink in size due to net water loss from the qtoplasm. 

In mammals and other animals the osmotic concentration of body fluids (blood plasma and 
tissue fluid) is wry carefully regulated, maintaining the same osmotic concentration inside and 
outside body cells (isotonic conditions), which anJids such problems. This process is an aspect of 
osmoregulation(Chapterll). 
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• Rgure 1.47 
Amoeba; therole 

O smosis in aquatic unicellular animals 

Many unicellular animals survive in fresh water aquatic environments where the external 
medium is normally hypo tonic to their cell solution. These organisms experience a continuous 
net inflow of water by osmosis and are in danger of disruption of the plasma membrane by high 
internal pressure. 

The protozoan Amoeba is one example. In fact, the cytoplasm of amoebae contains a tiny 
water pump, known as a contractile vacuole, which works continuously to pump out excess 
water. The importance of the contractile ,"acuole to these organisms is fatally demonstrated if 
the cytoplasm is temporarily anaesthetized. The animal quickly bursts (Figure 1.47). 

r~~=~~~~ 
than the solution 

;~~c~I 

Medical application of osmosis 

wate<coliectshe,e 
and is then expelled 
fromtheffilbythe 

~~ooof 

When human organs are donated for transplant surgery they have to be maintained in a saline 
solu tion that is isotonic with the cells of the tissues and organs, in order to prevent damage to 
cells due to water uptake or loss during transit to the recipient patient. 

Medical application of diffusion 
In cases of kidney failure, urea and sodium ions may start to accumulate in the blcod to harmful 
levels. In these cases, a treatment known as hemodialysis is prescribed. In hemodialysis, the 
patient's bkxxl is circulated through an external, partially permeable membrane, arranged so 
that urea and toxic substances are removed by diffusion. You can see this application of diffusion 
illustrated in Figure 11.35 (page 479). Look at this i!hmmiion now. 

PIIIIID:111111 Experimental design-accurate quantitative measurement 

• Estimation of osmotic concentration (osmolarity) of plant tissue 
When plant cells are bathed in a solution that is isotonic with the cell cytosol there is no net 
entry or exit of water from the cells. The tissue remains of the same dimensions and mass. 
Alternatively, if similar plant tissue is placed in a hypertonic solution, the tissue decreases in 
dimensions and mass. When placed in a hypotonic solution, it increases in dimensions and mass. 
This observation is the basis of the experiment illustrated in Figure 1.48. Here the aim is to 
discover the concentration of the bathing solution isotonic with the cells of potato tuber. 
Study the sequence of steps invol\"ed in the experiment. Note the importance of: 

• accurate weighing out of the solute (sucrose in this case) 
• accurate pipetting of solution from tube to tube in the process of serial dilution 
• the use of replicate sample of tissue in each tube 
• the accurate measurement of the length of the tissue strips at the end of the experiment. 

Examine the graph to identify what molar concentration of sucrose is isotonic with the cytosol 
of the potato tissue used in this experiment. 



• Flgure 1.48 

The Investigation 

potato tuber tissue 
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1 Preparingdifferentconcentrationofsucra.e solution,0.8moldm-1 --;0.2moldm-• 

100cm1 ollmoldm-•soluhoowastakenandthefolklwing dilut>Of\scaniedout 

Volume of 
1moldm-• 

Volume of distilled water (cm') sucrose (cm') 
Concentration of 

wcrose (moldm- ') 

2Preparingthe tiswemips andthe settingupoftheexperiment 

replic:atestrip(10~ 1 ~ 0.5 an) or cylinders (10 ~ 1 cm 
rnrtbore<)cutfroma!argepotatotube 
tissuestrips/cylinderswashedand3placedineachtube 

3Me,osuringthe finalle ngthsofthe ti=e mip, 

Aflerapl'fiodof30minvtesthetissoestripswere1etrieved.blottedd,y.and!heir~ngthsmeasuredac:c,.atety 
Themeanchangeinlengthofthe3stnps ineachtubewascaku!ated 

4Graphingtheresultsandestimatingtheosmoticconce ntrationofpotatotubertissue 

A graph of the results was plotte d: The ,e!ationship between the molar concentratkln of sucrose 
solutionsandthechangeinlengtholtissuestrips 
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£. 

fi1.0-i--------, 
ti,. 
fi 

0.4 0.6 
moldm-Jsolution 

22 state the1ignific.1JlCeoftheu1eofthteeli1sue11fip1ineachofthetube1infigure1 .48 
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• Movement by active transport 
We ha,-e seen that diffusion is due to random mO\·ements of molecules and occurs S(X)ntaneously 
from a high to a low concentration. HoweYer, many of the substances required by cells have to 

be absorbed from a weak external concentration and taken up into cells that contain a higher 
concentration. Uptake against a concentration gradient cannot occur by diffusion. Instead, it 
requires a 50\Jrce of energy to drive it. This type of uptake is known as active transport. 

In active transport, metabolic energy produced by the cell, held as ATP (energy 
currency - page 115), is used to drive the transport of molecules and ions across cell 
membranes. Active transport has characteristic features distinctly different from those of 
movement by diffusion. 

1 Active transport occurs against a concentration gradient 
Active transport occurs from a region of low concentration to a region of higher concentration. 
The cytoplasm of a cell normally holds reserves of ,<lluable molecules and ions, like nitrate ions 
in plant cells or calcium ions in muscle fibres. These useful molecules and ions do not escape; 
the cell membrane retains them inside the cell. When more useful molecules or ions become 
available for uptake, they are actiYely absorbed into the cells. This happens eYen though the 
concentration outside the cell is lower than that inside. 

2 Active uptake is highly selective 
For example, in a situation where potassium chloride (K• and a - ions) is available to an animal 
cell, K· ions are more likely to be absorbed, since they are needed by the cell. Where sodium 
nitrate (Na• and N01- ions) is available to a plant cell, it is likely that more of the N01-ions 
will be absorbed than the Na•, since this reflects the needs of plant cells. 

3 Active transport involves special molecules of the membrane, 
called pump molecules 
The pump molecules pick up particular molecules or ions and transport them to the other side 
of the membrane, where they are then released. The pump molecules are globular proteins 
(pages 91- 92), sometimes also called carrier proteins. These span the lipid bilayers (Figure 1..34). 
Movements by the pump molecules require reaction with ATP; this reaction supplies metabolic 
energy to the proces.s. Most membrane pumps are specific to particular molecules or ions, bringing 
about selective transport. If the pump molecule for a particular substance is not present, the 
substancewillnotbetransported 

Active transport is a feature of most living cells. We meet examples of actiYe transport in the 
gut where absorption occurs (page 252), in the acth-e uptake of ions by plant roots (page 375), 
in the kidney tubules where urine is formed (page 472) aznd in nerve fibres where an impulse is 
propagated(page293). 

The protein pumps of plasma membranes are of different types. Some transport a particular 
molecule or ion in one direction (Figure 1.49), while others transport two substances (like Na• 
and K*) in opposite directions (Figure 1.50). Occasionally, two substances are transported in the 
same direction; for example, Na• and glucose (Figure 6.42, page 292) 

Case study: structure and function of sodium-potassium pumps in axons 
A nerve impulse is transmitted along the axon of a nerYe cell by a momentary reversal in 
electrical potential difference in the axon membrane, brought about by rapid movements 
of sodium and potassium ions. You can see the structure of a nerve cell and its axon in 
Figure6.42 (page 290). 

Sooium- potassium pumps are globular proteins that span the axon membrane. In the 
preparation of the axon for the passage of the next nerve impulse, there is active transport of 
(X}tassium (K·) ions in across the membrane and sodium (Na•) ions out across the membrane 
This activity of the Na*/K• pump inYolves transfer of energy from ATP. The outcome is that 
(X}tassium and sodium ions gradually concentrate on opposite sides of the membrane. 



1.4 Membrane trans rt 45 

• Flgure 1.49Actlvetransportofaslnglesubstance 

Thestepstothecydicactionofthesepumpsare: 

• with the interior surface of the pump open to the interior of the axon, three sodium ions are 
loadedbyattachingtospecificbindingsites 

• reaction of the globular protein with ATP now occurs, resulting in the attachment of a 
phosphate group to the pump protein; this triggers the pump ptotein to dose to the interior 
of the axon and open to the exterior 

• the three sodium ions are now released and, simultaneously, two potassium ions are loaded by 
attachingtospecificbindingsites 

• with the potassium ions loaded, the phosphate group detaches; this triggers a reversal of the 
shape of the pump protein - it now opens to the interior, again, and the potassium ions are 
released 

• thecydeisnowrepeatedagain 

23 Samplesoflivep!antb11uediscswereinrubatedindilute'>Odiumchloridesolutionatdifferent 
temperature1. After 24 hours. it wa1 found that the uptake of ions from the sohJlions was as s.hown in the 
table{arb4traiyunits). 
Comment on how absorption of sodium chloride cxrnrs. giving your reasons 
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• Rgure1.50 

potassium Ion pump 

• Rgure1.51 
Transportbycytosls 

24 Distinguish 
between the 
following pairs 
1 pmteimand 

lipids in cell 
membranes 

b activetfansport 
and bulk 
transport 

c endocyto1isond 
exocyto1i1 

• Movement by bulk transport 
Another mechanism of transport across the plasma membrane is known as bulk transport. 
It occurs by movements of vesicles of matter (solids or liquids) across the membrane by 
processes known generally as cytosis. Uptake is called endocytosis and export is exocytosis. 

The strength and flexibility of the fluid mooaic membrane make this activity p:x,sible. Energy from 
metabolism (ATP) is also required For example, when solid matter is being taken in (phagocytOMs), 
part ci the plasma membrane at the point where the vesicle furms is pulled inwards 300 the surrounding 
plasma membrane and cytoplasm b..tlge out. The matter, thus, becomes encbsed in a small vesicle. 

Vesicles are used to transport materials within cells, for example, between the rough endopl=ic 
reticulum (RER) and the Golgi awaratus, and on to the plasma membrane (figures 1.16 and 1.27) 

In the human lxxly, there is a huge number of phagocytic cells (phagocytosis means 'cell 
eating'). These are called the macrophages. The macrophages engulf the debris of damaged or 
dying cells and dispose of it. For example, we break down about 2 x JOll red blood cells each day. 
These are ingested and dis(X)sed of by macrophages, every 24 hours 

Bulk trans(X}rt of fluids is referred to as pinocytosis (Figure 1.51). 

MovemeotsalsotakepUCein 
thereverseOrection.i .e 
exocytosisofsolidsand 
liquids 

cytoplasm 

1.5 The origin of cells -thereisanunbrokenchainoflifefromthe 
first cells on Earth to all cells in organisms alive today 

r Testing the general principles that underlie the natural world 

• Cells are formed by division of pre-existing ce lls 
At one time it was believed that cells could arise spontaneously - known as 'spontaneous 
generation'. This idea was based on the 'mysterious' appearances of living things, such as when: 
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• the growth of moulds occurred on exposed foods, like cheese 

• maggots appeared in exposed meat (certainly by the time it was rotting) 

• opened bottles of wine turned cloudy (and the contents turned into vinegar) at fayourable 
temperatures 

At this time, it was not known that 'clean' air carried vast numbers of tiny, viable spores of 
a range of microorganisms. Pasteur's inYestigation of this contamination process played an 
important part in disproving the spontaneous generntion theory. 

• Pasteur's investigation of 'spontaneous generation' 
Look ar 1he illusrm1ion of Paiieur's expnime111 in Figure l.2 (page 3). The results confirmed that 
the air contains 'invisible' spores of microorganisms. When these spores reach favourable 
fluids or liquids (such as the nutrient broth that Pasteur used) they 'germinate', giving rise 
to huge populations of microorganisms by cell division. The result is that nutrient liquids 
become cloudy, and nutrient solids grow visible colonies and moulds. All these cells have 
arisen by division of pre-existing cells. Pasteur's experiment may be repeated in laboratories 
today, as shown in Figure 1.52. Look ai ii carefu/Ey. Can )'OU say wha1 safery sieps are required, 
and why? 

Theculturingofbacte riaaseptic(sterile)techniques: 
Maoyspec"'5ofbacteriaa<eham>lesstohumans - infact.verymartfareindispensable - lileasweknowit cookJoot prncff'dwithootthem 
How.,.,e,.somespeciesarepathogens.andsomestrainsofCl'ftainspeciesareharmful.Crn,sequently.bacteriokJgstshar><leallculturesasifthey 
we,epathogens.usir,gaseptictechoique,; 
• ,.,trieot,; used a<e firslste<ilized. as a<e therultu<evesselsandother equi pmen~ bothbeforeandaftef us 
• al>qUidp<eparation(abrnth)maybeusedfordetectinggmwir,gmicroorga,.;sm,.asshownhe<e{asolidmediumispnrlxedbyadditionola 

geHi r,gageotcal edagar) 
f,seotialbacteriok9calprocedcxesa,e il lustratedbelow. 

1 Preparationofstuil•m• diaandequipm•nt 

aluminiumfoil{l<:eeps 

2 Recap-how Pasteurdisproved 
'spontaneousgeneration.ofc•lls' 

cottonwoold,ydcxing ~~atedmed.,,tabk>ts.or anissueattheb'merouldlMngthir,gssuddenlybeformed 
i>Utoc!a,,.;ng) .,..., :,.,ar;';!"',..:.=wate<m (spontaoousgeneration)frornnon·l;,,;r,gthir,gsl 

oottonwooi proportionsinallaskto theftasksf'asteurused 

__.- produceabroth ~ 
""'. ·ainp,eparatioo1<ilh _.- S.neck S.neck 
necessaryequipment ,· ~-o~ mtact remo,ed)l.., 
(J)lpettes. ftasksandtubes) / p,essurecooke< 0 

i / used~sautocla,,., 3Setting upPaste ur's exper imenttoday: 

pressure of steam builds 
upto103kNm-l ~!~:;:;-:~~point 

• Rgure 1.52ModerndemonstratlonsofPasteur'sexperlment 
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• The orig in of the first ce lls 
In biology, the term 'evolution' specifically means the processes that have transformed life on 
Earth from its earliest beginnings to the diversity of forms we know about tOOay, living and 
extinct. It is an organizing principle of modem biology. It helps us make sense of the ways living 
thingsarerelatedtoeachother,forexample 

The evolution of life in geological time has involved major steps - none more so than the 
origin of the first cells. Unless these first cells arrived here from somewhere else in the universe, 
they must have arisen from non-living materials - starting from the components of the Earth's 
atmo,phere at the time. Aboui 1hese iuy fim siepi wt' can only speculare. 

The spontaneous origin of life on Earth 
The formation of living cells from non-living materials would have required the following steps: 

• the synthesis of simple organic molecules, such as sugars and amino acids 

• the a,sembly of these molecules into polymers (page 78) 

• the development of self-replicating molecules, the nucleic acids 

• the retention of these molecules within membranous sacs, so that an internal chemistry 
developed, different from the surrounding environment. 

Experimental evidence for the origin of organic molecules 
The molecules that make up living things are built mainly from carbon, hydrogen and oxygen, 
with some nitrogen, phosphorus, sulfur, and with a range of atoms of relatively few other 
elements also present. Today, living things make these molecules by the action of enzymes in 
their cells, but for life to originate from non-living material, the first step was the non-living 
synthesisofsimpleorganicmolecules 

Apparatuslikethishasbeenusedwilhvarioosgasestoinvestigate 
the0<ganicmolecuH,Sthatmaybesynthesized 

S.L. Miller and H.C Urey (1953) im·estigated how 
simple organic molecules might have arisen from the 
ingredients present on Earth before there was life. They 
used a reaction ves.sel in which particular environmental 
conditions could be reproduced. Forexample,strong 
electricsparks(simulatinglightning)werepassed 
through mixtures of methane, ammonia, hydrogen and 
water vapour for a periOO of time. They discovered that 
amino acids (some known components of cell proteins) 
were formed naturally, as well as other compounds 
(Figurel.53). 

spark from electrodes 
simulates lightning 

• Rgure1.53Apparatusforslmulatlngearlychemlcalevolutlon 

This approach confirmed that organic molecules 
canbesynthesizedoutsidecells,intheabsenceof 
oxygen. The experiment has subsequently been repeated, 
sometimes using different gaseous mixtures and other 
sources of energy (UV light, in particular), in similar 
apparatus. The products have included amino acids, fatty 
acids and sugars such as glucose. In addition, nucleotide 
bases have been formed and, in some cases, simple 
polymers of all these molecules have been found. So, we 
can see how it is possible that a wide range of organic 
compounds could ha,·e formed on the pre-biotic Earth, 
including some of the building blocks of the cells of 
organisms. 
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TOK link 
To what extent can you argue that Mil ler and Urey·s exper imental re'ip(lnse to a seemingly imolu~e issue 
was{i)anexamp~ofareductionistapproacti.and{ii)unique!yascientilicresponsel 

Assembly of the polymers of living things 
For polymers to be assembled in the absence of cells and enzymes would have required the 
concentration of biologically important molecules such as monosaccharides (the simple sugars -
building blocks for polysaccharides), amino acids (building blocks for proteins) and fatty acids 
(for lipid synthesis). They l',U\Jld need to come together in 'pockets' where further chemical 
reactions between them were possible. This might have happened in water close to larval flows 
of volcanoes or at the vents of sub-marine volcanoes where the environment is hot, the pres.sure 
is high, and the gases being vented are often rich in sulfur and other compounds. There is some 
evidence for the latter. 

Origin of self-repl icating molecules 
For the evolution of life from a mixture of polymers and their monomers, tll-U special situations 
need to emerge: 

• a'st'lf-replication'system 

• anabilitytocatalysechemicalchange. 

Today, in living cells, these essentials are achieved by DNA, the home of the genetic ccxle, 
and enzymes, which are typically of large, globular proteins (page 92). Howewr, neither of these 
has been synthesized in any experiments that repeat Miller and Urey's demonstration of how 
biologically important molecules might have been synthesized in the pre-biotic 11-Urld. 

So uihar may hai'e filled ihe roles of DNA and enzymes in rhe origin oflife! 
A likely answer came as a by-product of a genetic engineering experiment, investigating 

the enzymes needed to join short lengths of nucleic acid known as RNA (page 105). It was 
di,covered that RNA, as well as being information molecules, may also function as enzymes. 
Perhaps short lengths ofRNA combined the roles of 'information molecules' and 'enzymes' in 
theevolutionoflifeitst'lf. 

Universality of the genetic code 
Although RNA fragments are fairly inefficient enzymes, they may catalyse the formation of 
DNA (although sometimes in an error-prone way). We now know that the 64 codons in the 
genetic code of DNA have the same meaning in nearly all organisms. This sup!X)rts the idea of a 
common origin of life on Earth; that the ,·ery first DNA has sustained an unbroken chain of life 
from the first cells on Earth to all cells in organisms alive today. Only the most minor variations 
in the genetic ccxle have arist'n in the evolution and expansion of life since it originated 
3500millionyearsago. 

• Fo rmation of t he f irst ce lls 

-,,- :-~:-!e-c: f-~ke-.~-ge-, - Th~:ss~~::c~~n c;~l~t~ ;ett; ~;~ :~~e;:;:s ~::;::~~;r :::::~~:e =:nd with 

that wouk! have more lipid present bilayers form - the basis of plasma membranes tOOay. Lengths of these bilayers 
ocrn1red in the are likely to have formed microspheres (Figure 1.54). Perhaps simple microspheres, surrounding 
first cells. and a portion of a pre-biotic 'soup' of !X}lymers and monomers, were the fore-runners of cells. These 

required a catalyst 
may have formed membrane systems with distinctive internal chemistry, as they developed a 
chemical environment different from the surroundings. 
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• Rgure1.54 

Steps In the 

mlcrospheres 

• Prokaryote to eukaryote 
Prokaryote cells differ from microspheres in a number of ways. For example, attached to the 
plasma membrane in the prokaryote cell is a circular chromosome - either ofRNA or DNA. 
Also, a cell wall of complex chemistry is secreted outside the membrane barrier. However, the 
first prokaryotes could have survived nutritionally on the otganic molecules of the pre-biotic 
soup. In this early environment, with its wealth of organic molecules surrounding simple 
cells, 'digestion' and 'respiration' would have demanded limited enzymic machinery. These 

----- biochemical sophistications would have to evolve with time - if life originated in this manner. 26 
!ff:i:!:thz~~~ yea!::~:::::;:::t.e:h:::~~~!:~:~~:!::~:;~~~::n:n~; ;~\~i~~i~~~:!'.

1~: d~ 
in5edimentary eukaryoricceUiarise? 
rock. thos.e of The origin of eukaryotic cells can be explained by the endosymbiotic theory (Figure 1.55). 

The eukar)Utic cell may have formed from large prokar)'Ute cells that came to contain their 
~:!~:n'::i'iast chromosome (whether of RNA or DNA) in a sac of infolded plasma membrane. If so, a distinct 
pre'i!'nl-day fonm nucleus was now present. But how were the other organelles originated! Remember, membranous 

_____ organellesareafeatureofeukar)Utes, additionaltotheirdiscretenucleus 

• Rgure1.55 

Origin of the 

eukaryoUccell 

~-~ endopla,mkretkulum 
free- ivingcyanobacteria •• formedby intuckk,gof 
(photosyntt.:,tic:pmka,yotes) • '· plasma membrane ., 



endosymblotlctheory 
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In the e,ulution of the eukaryotic cell, prokar)'Utic cells (which had been taken up into food 
vacuoles for dige,cion) may have survived as organelles inside the host cell, rather than becoming 
food items! They would have become integrated into the biochemistry of their 'host' cell over 
time. This 'M}\Jld explain why mitochondria (and chloroplasts) contain a ring of DNA double 
helix,togetherwithsmallribosomes,justlikeabacterialcell.ltisthesefeaturesthatsuggestthese 
organelles are descendants of free-living prokaryotic organisms that came to inhabit larger cells. 
This concept is known as the endosymbiotk origin of eukaryotes (Table 1.7) 

Prokaryo tesareknowntoinhabitsomeeukaryotic cell1 

Chloraplast1andmittx:hondriare produceby binary fis1Kln.ju1ta1 prokaryo tesdo 

Chlornpl<11ts .00 mitochordia rnntain drrnlat ONA V)ot associated with histooe proteins). like ttlat of proka,yotes 

Chloroplast1andmitochondriarnnt~inribo10me1olthes.iZ!'(70S)al10loundinprokaryo tes 

Chloroplasts and mitochoridria tra=ribe mRNA from their ONA. and 1ynthes.iZ!' 1pedlic pmteim in their 
ribo10me1.aspmkaryotesdo 

Chloroplast1andmittx:hondriaare1imilar insizetoprokaryotes 

1.6 Cell division -cell division isessenriat butmustbe,ontro11ed 

To recap, multicellular organisms begin life as a single cell which grows and divides. During 
growth, this cycle is repeated almost endlessly, forming many cells. It is these cells that 
eventually make up the adult organism. So, new cells arise by division of existing cells, and the 
cycle of growth and division is called the cell division cycle. This cycle has three main stages 

• interphase 

• division of the nucleus by a process (mitosis) that results in two nuclei, each with an identical 
set of chromosomes 

• division of the cytoplasm and whole cell (known as cytokinesis). 

In fact, in each stage of the cell cycle particular events occur. These events are summarized 
in Figure 1.56, and they are also discussed below. Look ai 1he subdivisi011 of imerphase now -

diitinctivefeamresareide111ificdineachswge. 

th•c•llcyd•consistsofinterphaHandmitosis 

int•rpha .. :G1+S+G, 

synthesisofDNA(S) 
•~r=copled(,ephcated) 

• Flgure 1.56Thestagesofthecellcycle 

firstphas•ofgrowth(G 1) 
• cytoplasmact,,,e 
•neworganellesfo,med 
• ;ntensebiochemic~activity 

ofgrowingcejl 

thang•incellvolumeandquantityofDNAduringacellcycl• 

M '-~--r~,--~-r :,~! 
,, ,, 

~-lengthofcellcyc~(lime) - ~ 
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• lnterphase 
lnterphase is always the longest part of the cell cycle, but it is of extremely variable length. 
When growth is fast, as in a developing human embri,u and in the growing point of a young stem, 
interphase may last about 24 hours or less. On the other hand, in mature cells that infrequently 
divide it lam a very long period - sometimes indefinitely. For example, some cells, once they have 
differentiated, rarely or never divide again. Here, the nucleus remains at interphase permanently. 

An overview of interphase 
When the nucleus of a living cell at interphase is observed by light microscopy, the nucleus 
appears to be 'resting'. This is not the case. During interphase, the chromosomes are actively 
involved in protein synthesis. From the chromosomes, copies of the information of particular 
genes or groups of genes (in the form of mRNA, page 106) are taken for use in the cytoplasm. 
It is in the ribosomes of the cytoplasm that proteins are assembled from amino acids , 
combined in sequences dictated by the information from the gene and relayed in the form of 
mRNA. 

The distinctively compact chromosomes, visible during mitosis (Figure 1.58), become 
dispersed in interphase. They are now referred to as chromatin. Amongst the chromatin can be 
seen one or more dark-staining structures, known as nucleoli (singular nucleolus). Chemically, 
the nucleoli consist of protein and RNA, and they are the site of synthesis of the ribosomes. 
These tiny organelles then migrate out into the cytoplasm. 

The steps of interphase 
During the first phase of growth (G1), the synthesis of new organelles takes place in the 

_____ cytoplasm. This is also a time of intense biochemical activity in the cytoplasm and organelles, 
and there is an accumulation of energy store before nuclear division occurs again. 

Next is a period of synthesis of DNA (S), when each chromosome makes a copy of itself. 
It is said to replicate. The two identical structures formed are called chromatids. The chromatids 
remain attached until they divide during mitosis. 

1tructure1ol 
theinterpha1e 
fllJ(~UI U fl be 

,eenbyelectfon 
Finally, there is a second phase of growth (Gi), which is a continuation of the earlier time of 

----- intense biochemical activity and increase in amount of cytoplasm. 

• Contro l of the ce ll cycl e 
Look back at the siagcs of ihecellcyde (Figure 1.56). Note that it consists of distinct phases, 
represented in shorthand as G1, S, G1, M and C. 

The cell qde is regulated by a molecular control system. The key points of this system are 
outlined below, best understocxl in conjunction with Figure 1.57: 

• In the cell cycle there are key checkpoints where signals operate. These are stop points 
whichhavetobeoverridden 

• Three checkpoints are recognized - at G1, G1 and in M. 

• At the G2 checkpoint, if the 'go-ahead' signal is received here, the cell goes through to M to 
C , forexample. 

• The molecular control signal substance in the cytoplasm of cells are proteins known as 
kinasesandcydins. 

• Kinases are enzymes that either activate or inactivate other proteins. Kinases are present in 
the cytoplasm all the time, though sometimes in an inactive state 

• Kinases are activated by specific cyclins, so they are referred to as qdin-dependent kinases 
(CDKs). 
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control system of 
the cell cycle 
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• Cyclin concentratioru in the cytoplasm change constantly. As the concentratioru of cyclins 
increase, they combine with CDK molecules to form a complex which functions as a mitosis­
promoting factor (MPF). 

• As MPF accumulates, it triggers chromosome condensation, fragmentation of the nuclear 
membrane and, finally, spindle formation - that is, mitosis is switched on 

• By anaphase of mitosis, destruction of cycliru commences (but CDKs persist in the cytoplasm). 

• External factors also operate on the cell, either triggering the rise in q.din concentrations or 
switching on the destruction of cyclin 

synthesis of 
l!eshcycin 
begins in late 

'""" 

• The discovery of cyc lins was accide nta l 
The discovery of the proteins that control the cell cycle came partly from work by Tim Hunt, 
as his team investigated protein synthesis more generally in the eggs of sea urchins. While the 
synthesis of most new proteins proceeded steadily, as anticipated, a minority of others went 
through short, abrupt cycles of increasing and decreasing concentration. High threshold levels of 
these individual proteins were found to correlate with changes in the cell cycle. By this means, 
and with the contributions of others (including from work on yeasts) the roles of four different 
proteins in the cell cycle were discovered. They were named cydins at this stage 

Later, Paul Nurse and Tim Hunt, with Leland Hartwell, were awarded the Nobel Prize in 
2001 for their contributions to the discovery of the control of the cell cycle. Tim Hunt makes 
clear that his discovery of cyclins was accidental in his Nobel Prize lecture, which you can access 
asapaperat www.nobelprize.orglnobel_prizeslrnedicine/laureatesl200Vhunt-lecture.pdf orinthe 
video made at the cereroony at www.nobelprize.org/mediaplayer/index.php?id=494 

The contributing studies of Paul Nurse were made on yeasts. The background of this 
scientist, currently President of The Royal Society, makes an interesting contrast with 
that of the others, and helpfully (and encouragingly) establishes how diverse the paths to a 
distinguished career in reseaKh can be: http:Hen.wikipedia.orglwikiA'aul_Nurse 

• Mitosis 
When cell division occurs, the nucleus divides first. In mitosis, the chromosomes, present as the 
chromatids formed during interphase, are separated, and accurately and precisely distributed to 
two daughter nuclei. 

Here, mitosis is presented and explained as a process in four phases (Figure 1.58), but 
remember this is for convenience of description only. Mitosis is a continuous process with no 
breaks between the phases. You can follow the el1onu of miwii1 in Figure 1.58 
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• In prophase, the chromosomes become visible as long thin threads. Now, they increasingly 
shorten and thicken by a process of supercoiling. You can see an electron micrograph of a 
supercoiled chromosome in Figure 1.60 (page 56). Only at the end of prophase is it fX>$Sible 
to see that chromosomes consist of two chromatids held together at the centromere. At the 
same time, the nucleolus gradually disappears and the nuclear membrane breaks down 

• In metaphase, the centrioles move to opfX>$ite ends of the cell. Micro tubules in the 
cytoplasm start to form into a spindle, radiating out from the centrioles (Figure 1.58). 
Microtubules attach to the centromeres of each pair of chromatids, and these are arranged at 
the equator of the spindle. (Note that, in plant cells, a spindle of exactly the same structure 
is formed, but without the presence of the centrioles.) 

• In anaphase, the centromeres divide, the spindle fibres shorten and the chromatids are pulled 
by their centromeres to opi:osite poles. Once separated, the chromatids are referred to as 
chromosomes 

• In telophase, a nuclear membrane reforms around both groups of chromosomes at opposite 
ends of the cell. The chromosomes decondense by uncoiling, becoming chromatin again. 
The nucleolus reforms in each nucleus. Inter phase follows division of the cytoplasm 

Cytokinesis 
Division of the cytoplasm, known as cytokinesis, follows telophase. During division, cell 
organelles such as mitochondria and chloroplasts become distributed evenly between the cells. 
In animal cells, division is by in·tucking of the plasma membrane at the equator of the spindle, 
'pinching' the cytoplasm in half (figure 1.33). 

In plant cells, the Golgi apparatus forms vesicles of new cell wall materials, which collect 
along the line of the equator of the spindle, known as the cell plate. Here the vesicles coalesce to 
form the new plasma membranes and cell walls between the two cells (Figure 1.59) 
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The packaging of DNA in the chromosomes 

• 
• 

The total length of the DNA of the human chromosomes is O\"er 2 m, shared out between 
the 46 chromosomes. Each chromosome contains one very long DNA molecule. Of course, 
chromosomes vary in length but we can estimate that a typical chromosome of 5 µm length 
contains a DNA molecule that is approximately 5cm long (that is about 50 000 µm of DNA 
is packed into 5 µm of chromosome). TOOay we know that, while some of the proteins of the 
chromosome are enzymes involved in the copying and repair reactions of DNA, the bulk of 
chromosome protein has a supi:ort and packaging role for DNA 
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21 suggest a main One sort of packaging protein is a substance called histone. This is a basic (positively 
advantage of charged) protein containing a high concentration of amino acid molecules with additional base 
chromosomes groups (- NHi), such as lysine and arginine. These histones occur clumped together, and provide 
beifl(j ·superrnHed' support to the lengths of the DNA double helix that occur wrapped around them, giving the 
~~:~o~iset.iphase appearance of beads on a thread. The 'bead thread' is itself coiled up, forming the chromatin 

_____ fibre. The chromatin fibre is again coiled, and the coils are looped around a 'scaffold' protein 
fibre, made of a non-histone protein. This whole structure is folded again (super-coiled) into the 
much-condensed metaphase chromosome (Figure 1.60). 

• Flgure 1.60 
Thepack;glng 

Observing chromosomes during mitosis 
Actively dividing cells, such as those at the growing points of the root tips of plants, 
include many cells undergoing mitosis. This tissue can be isolated, stained with an orcein 
ethanoic (acetic orcein) stain, squashed, and then examined under the high-power lens of 
a microscope. Nuclei at interphase appear red- purple with almost colourless cytoplasm, 
but the chromosomes in cells undergoing mitosis will be visible, rather as they appear in 
the photomicrographs in Figure 1.58. The procedure is summarized in the flow diagram in 
Figurel.61. 

From the resulting temporary slides, the proportion of cells with nuclei at interphase or at 
any stage of mitosis can be calculated from counts of 100 adjacent nuclei. From this data the 
mitotic index - the number of cells undergoing mitosis per thousand cells - can be calculated. 
For greatest accuracy, the mean of three or more samples of 100 cells should be used. This is 
important because the mitotic index is used to differentiate benign from malignant tumours - a 
critical distinction (see below). 
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Determining the mitotic index 
Using a prepared, stained slide of a plant root tip (see figure 1.61), locate the meristematic 
region behind the root tip, ll'ling the low-p<w,er magnification on )Ollr microscope. Then focll'l 
on this region (with higher-po11-·er magnification if necessary), so that you can identify cells 
where chromosomes are visible (cells undergoing mitosis). Other cells will show their nucleus at 
interphase. Selecting 100 cells and using a tally chart , record the following data. 

Mltotlclndexof100roottlpcells 
Number ofcell:sat a1t<1g eofmitosis Numberofcell1atinterph.11e 

Use )Ollrdata to calculate the mitotic index. 
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29 Using slk!es they had prepared to obserYI' chromosomes during mitosis in a pl,mt root t~ {Figure 1.61), 
five1tudent1ob1erved,mdrec:orded thenumberofnudl.'iateac:h stage inmito1i1in100cell1asshownin 
the table below 

Numberofnuclelcountedby 
Stage of 
mitosis student1 student2 student] student4 students 

64 m 1s 68 n 
metaphase 
anaphase 
telophase 

a Calculatethemeanpercentageofdividingcellsateadl1tageofmitosi1.indpresentyourresultsasa 
pie chart 

b Assuming that mitosis takes about 60 minutes to complete in this species of plant, deduce what these 
re1ult1implyaboutthelength1ofthelour1tep1 

• Cancer - diseases of uncontrolled cell division 
There are many different forms of cancer, affecting different tissues of the body. Cancer is not 
thought of as a single disease. Today, in developed countries, one in three people will suffer from 
cancer at some point in their life and approximately one in four will die from it. In these regions, 
the commonest cancers are of the lung in males and of the breast in females. Hm,,ever, in many 
parts of the world, cancer rates are different - often they are significantly lower. Biologists in 
laboratories throughout the world are researching into the causes and treatment of cancer. You 
can see the range of common cancers and their incidences worldwide at: http:/.1,iloboain.iardr/ 

In all cancers, cells start to divide repeatedly by mitosis, without control or regulation. 
Where this occurs in the body, the rate of cell multiplication is much faster than the rate of cell 
death. An irregular mass of cells if formed, called a tumour (Figure 1.62). 

Sometimes tumour cells break away from this primary tumour and are carried to other 
parts of the body, where they form a secondary tumour. This process is known as a metastasis. 
Unchecked, cancerous cells ultimately take m"er the body at the expense of the surrounding 
healthy cells, leading to malfunction and death 

So, cancer arises when the cell cycle operates without its normal controls. In a healthy cell, 
the cell cycle is regulated by a molecular control system in which cyclins are involved (page 52). 
Cancers are believed to start when changes occur in these genes. These changes are principally 
caused by damage to the DN A molecules of chromosomes. 

A mutation is a change in the amount or chemical structure of DN A of a chromosome. 
Mistakes of different types build up in the DNA of the body cells. The accumulation of mistakes 
with time explains why the majority of cancers arise in older people. 
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• The causes of DNA damage 
A factor capable of causing a mutation is called a mutagen, and its effects are described as 
mutagenic. These factors are identified and defined in Table 1.8. 

30 Describe Wee l.'!\vironmental rnnditior,s ttlat may cause n0<mal cell, to become cancerous cells 

31 Describe how the Dl'haviam of cancerous cells differs fmm that of normal ce lls 
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Prlnclpalfactors 

mutation rates and 

thellkellhoodof 

Ionizing radiations 
lonizingr..dia tioninclude1X-raysarldradiation(gammar-.rjs,«partick>s,!3particles)fromvariousradio..ctive 
sourre1.The1emaytliggertheformalionofdamagingionsimidethenudeu1,leadingtothebreak-upof 
the ONA 

Non-Ionizing radiations 
Non-ionizingradiatiomindudeUVlight.Thisisle11penetfalingthanionizingradiationbut,ifittsJbsorbed 
by the nitrogenous bases of ONA, may modify them - causing ..dj.Kent bases on the ONA strand to bind to 
eachother,imte..dolbinding totheirpartneronthe appositestrand(page107) 

Chemicals 
Severalchemical1thatarecarc:inogemarepresentin tobaccosmoke. Al10,prolongedexpornretoa1bestos 
fibres may trigger cancer in the linings of the thorax cavity (pleural membranes) The harm ul\lally bernmes 
apparentonlymanyyearslater. 

A1pecificvirusinfection,soch a1with hepatitisBandCvirn1e1,may tri ggerl ivercancer. 

Diet 
Oietisalsolinkedtoboththecauseandthepreventionofcancer,althoughthenatureofthesernnnecliom 
isdifficutttoestablishwithanycertainty 

• Oncogenes and cancer 
Whatever the cause of a cancer, nm types of genes play a part in initiating a cancer if they 

• Proto-oncogenes are genes that code for the proteins that stimulate the cell q.de. Mutations 
in an oncogene may result in excessive cell division, causing cells to become 'immortal' if 
theirnutrientsupplyismaintained 

• Tumour-suppressing genes code for ptoteins that stop a cell cycle if damaged DNA is being 
copied. Unfortunately, a rare mutation may inactivate the gene which codes for a protein 
known as p53. When protein p53 is present, copying of faulty DNA is stopped. Then, other 
enzymes are able to repair the DNA and correct the fault, so cancer is avoided. When p53 is 

absent,tumourformationispossible. 

Cigarette smoking causes lung diseases - the evidence 
It was epidemiology (the study of the incidence and distribution of diseases and of their control 
and prevention) that first identified the likely ca\l'ial links between smoking and disease. More 
recently, experimental laboratory-based investigations have demonstrated how cigarette smoke 
causes disease. EvidenceisdiscussedinChapter6. 



• Examination questions -
a selection 

Questions 1- 2 are taken from IB Diploma biology 
papers. 

Q1 A red blood cell is 8 µm in diameter. If drawn 
100timeslargerthanitsactualsize,what 
diameter will the drawing be in mm? 

02 

A 0.08mm 
B 0.8mm 
C 8mm 
D 80mm 

St.JndardlewlPaper 1, Tmelone 1, Ml}'"· Q3 

: -==-----""cc~:cc':"'cc"'cc'·,--­
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nr,ierlevel~ ,. rmezooe 1, ~r r,, QZ9 

Examination questions - a selection 61 

Questions 3-9 cover other syllabus issues in this 
chapte r. 

Q3 Plasma membranes are fluid due to· 
A the amphipathic properties of phospholipids 
B the water present on the outside of the 

plasma membrane 
C the integral proteins with polar and nonpolar 

regions interacting with phospholipids 
D vesicles fusing with the plasma membfane 

during exocytosis. 

Q4 During the cell cycle the concentration of cyclins 
fluctuatesinacyclicalway. A likely explanation for 
this fluctuation in concentration is: 
A because cydins are active during the whole 

cycle due to their enzymatic activity 
B it is the result of cell differentiation as cyclins 

activatedifferentgenesatdifferenttimes 
C because cyclins are only active at some points 

of the cycle, inducing changes from phase to 
phase 

D cyclins were named due to the cyclical activity 
of cells when duplicating their DNA 

OS a List three ideas contained within the cell 
theory. (3) 

b Distinguish between stem cells and 
cancer cells. (2) 

06 a Describe what happens as cells increase 
their volume in relationship with their 
surface area. (2) 

b Cells differentiate during development of 
embryonictissuecells.Whatisthelikely 
cause for this differentiation to ocrur? (2) 

07 a Draw and label a diagram of a generalised 
prokaryotic cell. Annotate your diagram with 
the functions of each named structure. (6) 

b Explain how the size of a prokaryotic cel1 
relates to the size of some organelles typically 
found in animal cells. (2) 
Define binary fission. (2) 
In a table, indicate four major differences 
between prokaryotes and eukaryotes (4) 
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QS The stages of the cell cycle are interphase, mitosis 
and cytokinesis. Four distinct phases make up the 
process of mitosis itself. 
a Outline the events of interphasewhich 

establish that this is not a 'resting' stage in 
the cell cycle. (4) 

b List the major changes that occur to the 
chromosomes of a nucleus undergoing mitosis 
during: 
i prophase(thefirst phase) 
ii anaphase(thethird phase). (6) 

c Explain how mitosis produces two genetically 
identical nuclei. (4) 

Q9 Outline the way exocytosis and endocytosis 
allow cells to export and import substances 
using vesicles. (8) 



II Molecular biology 

• Living organisms control their composition by a complex web of chemical reactions. 
• Wateristhemediumoflife. 
• Compounds of carbon, hydrogen and oxygen are used to supply and store energy. 
• Proteinshaveaverywiderangeoffunctionsinlivingorganisms. 
• Enzymes control the metabolism of the cell. 
• The structure of DNA allows efficient storage of genetic information. 
• Genetic information in DNA can be accurately copied and can be translated to make the 

proteins needed by the cell. 
• Cell respirationsuppliesenergyforthefunctionsoflife. 
• Photosynthesis uses the energy in sunlight to produce the chemical energy needed 

for life. 

Appendix 1: Background chemistry for biologists may be useful when studying this chapter, 
especially concerning elements, atoms, molecules, ions and compounds, and the ways 
atoms form molecules. 

2.1 Molecules to metabolism - living organisms control their 
composition by a complex web of chemical reactions 

The foundations of molecular biology were laid down just 60 years ago by the work of Francis 
Crick and James Watson, when they established the structure of DNA. When teams or 
individuals achieve a breakthrough in understanding like this, their discoveries are often 
named after them. For example, the Krebs cycle in aerobic respiration (page 3S4) was named 
after Sir Hans Krebs, and the Calvin cycle in photosynthesis after Melvin Calvin (page 367). 
Today, molecular biology is focused on explaining the range of living processes in terms of the 
chemical substances involved. This approach has revolutionized biology as a whole, although it 
isessentiallyreductionistinnature. 

Chemical elements are the units of pure substance that make up our world. The Earth is 
composed of about 92 stable elements in all, presmt in ,.irying quantities. About 16 elements 
arerequiredbycellsandare,therefore,essentialforlife.Consequently,thefulllistofessential 
elements is a relatiwly short one. Furthermore, about 99% of living matter consists of just four 
elements: carbon, hydrogen, oxygen and nitrogen. 

\'(fhydothewfourdeme111spredominareinlil'mgrhings! 

The elements carbon, hydrogen and oxygen make up the greater part of us because living 
things contain large quantities of water, and also because most other molecules present in 
cells and organisms are compounds of carbon combined with hydrogen and oxygen, including 
the carbohydrates, lipids and nucleic acids. Compounds containing carbon and hydrogen are 
known as organic compounds 

1 Distinguish between the terms ·atom·. "molecule" and "ion" 

2 Suggest where non-organic: fo,ms of cartJon exist in the birnp!\l'fe 

The element nitrogen is combined with carbon, hydrogen and oxygen in compounds called 
amino acids, from which proteins are constructed. We will examine the carbon atom and how it 
forms stable compounds next. Water is the subject of Section 2.2 
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• Flgure2.1 
Methane, the 
slmplestorgan lc 
compound 

• The carbon atom, how it forms stable compounds, 
and its significance 

Carbon has unique properties - so remarkable we say that they make life possible. These are 
outlined below. 

I Atoms combine (or 'bond') to form molecules in ways that produce a stable arrangement of 
electrons in the outer shells of each atom. Atoms are most stable when their outer shell of 
electrons is complete. The first electron shell of an atom can hold up to two electrons and 
then it is full. The second shell can hold up to a maximum of eight electrons. Carbon is a 
relath·ely small atom. It has four electrons in its second shell, and is able to form four strong, 
stable bonds. The bonds that carbon atoms form are called covalent bonds. In covalent 
bonding, electrons are shared between atoms - )OU can see the four cmaalent bonds in 
methaneinFigure2.1. 

Foorhydrogenatomssharetheirsingteetectromwith 
onecafbooatom,sofillingilsoolershell 
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\, 
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1electrnn 

Methane i< the simplest organic mrr4,o.md 

2 Covalent bonds are the strongest OOnds found in biological molecules. This means they 
need the greatest input of energy to break them. So covalent bonds provide great stability 
to biological molecules, many of which are very large. Carbon atoms are also able to form 
covalent bonds with atoms of oxygen, nitrogen and sulfur, forming different groups of organic 
molecules with distinctive properties. 

3 In addition, carbon atoms are able to react with each other to form extended and extremely 
stable chains. These 'carbon skeletons' may be straight chains, branched chains or rings 
(Figure 2.2). At least t'MJ and a half million organic compounds exist - more than the total 
of known compounds of all the other elements, in fact. 

4 The four covalent bonds of carbon atoms point to the comers of a regular tetrahedron 
(a pyramid with a triangular base). This is because the four pairs of electrons repel each 
other and so position themselves away from each other, as far as possible. If there are 
different groups attached to each of the four bonds around a carbon atom, there are two 
different ways of arranging the groups (Figure 2.3). This can lead to forms of molecules 
which are mirror images of each other. Carbon atoms with four different atoms or groups 
attached are said to be asymmetric. This is another cause of vuriety among organic 
molecules 

5 Carbon atoms can form more than one bond between them (Figure 2.4). For example, 
carbon atoms may share two electrons to form a double bond. Carbon compounds that 
contain double carbon"carbon bonds are known to chemists as 'unsaturated', and carOOn 
compounds containing double bonds are unsaturated compounds. For example, we will meet 
unsaturated fats of biological importance shortly. In fact, carbon, nitrogen and oxygen all 
form double bonds. This introduces yet more variety to the range of carbon compounds that 
make up cells. 
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• Rgure 2. 5Some 

functional groups 

6 Fortunately, all these carbon compounds fit into a relatively small numbers of 'families' of 
compounds. Chemical families we often come across in biology include the alcohols, organic 
acids, ketones and aldehydes. The families are identified by a part of their molecule that 
is the functiona l group, which gives them their characteristic chemical properties. The 
chemical structure of these functional groups is shown in Figure 2.5. The remainder of the 
organic molecule, apart from the functional group, has little or no effect on the chemical 
properties of the functional group, and is referred to as the R group. 
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Due to these properties, molecules containing a carbon 'skeleton' exist in vast numbers. We 
now know that living organisms control their composition and functions by a complex web of 
chemical reactions. One outcome is the presence in cells of a huge range of organic compounds, 
to be introduced in following sections 

• W hat is metabo lism? 
There are literally many thousands of chemical reactions taking place within cells and 
organisms. Metabolism is the name we give to these chemical reactions of life. The molecules 
involved are collectively called metabolites. Many metabolites are made in organisms, but others 
are imported from the environment, such as from food substances, water and the gases carbon 
dioxide and oxygen. 

Metabolism actually consists of chains (linear sequences) and cycles of enzyme-catalysed 
reactions, such as we see in respiration (page 118), photosynthesis (page 121), protein synthesis 
(page 110), and in wry many other pathways (Figure 2.6). Enzymes are biological catalysts 
(page 92). All these reactions may be classified as one of jll'it two types, according to whether 
they involve the build-up or breakdown of organic molecules. 

• In anabolic reactions, larger molecules are built up from smaller molecules. Examples of 
anabolism are the synthesis of proteins from amino acids and the synthesis of polysaccharides 
from simple sugars. The reactions involved include condensation reactions (page 78) 

• In ca tabolic reactions, larger molecules are broken down. Examples of catabolism are the 
digestion of complex fcods and the breakdown of sugar in respiration. The reactions involved 
indudehydrolysisreactions(page78). 

O,erall: 
metabolism = anabolism + catabolism 
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Metabol ism and energy 
Chemical energy exists in the structure of molecules. Every molecule contains a quantity of 
stored energy equal to the quantity of energy needed to synthesize it in the first place. 
So chemical energy exists in the structural arrangement of the atoms in the molecule, rather 
than in the chemical bonds between the atoms 

When glucose is oxidized to carbon dioxide and water in aerobic cell respiration energy is 
transferred. This energy is no longer in store but is on the m(we; it is acth·e energy. Actually, 
only part of the stored energy in a molecule is available, known as free energy, and can be used 
to do work. Reactions that release free energy are known as exergonic reactions (Figure 2.7). 
The oxidation of glucose is an example of an exergonic reaction. 

On the other hand, reactions that require energy are called endergonic reactions 
The synthesis of a protein from amino acids is an example of an endergonic reaction. 

lnanuergonicreadionU-.,?fOduc:tshavele:lsst0<l'd 
l"lll"f!l)'thanthereactants 

"" t ~freeenergygivenout, 
aswon<:done. 
or heat.or both 

• Flgure2.7Exergonlcandendergonlcreactlons 

lnan•ndergonicreactionl"lll"f!l)'hastobeputin. 
::c.::1stheprnductshavemorestoredene,gythaothe 

C+O r CO 

The many endergonic reactions that occur in metabolism are made possible by being coupled 
to exergonic reactions. Coupling occurs through a molecule called adenosine triphosphate 
(ATP). ATP is referred to as the energy currency molecule in biology (Figure 2.62, page 117). 
Molecules of ATP work in metabolism by acting as common intermediates, linking energy­
requiring and energy-yielding reactions. Metabolic processes mostly involve ATP, directly or 
indirectly. 

Now look ai rhe cell metabolites 11,how chemical irrucrnre is iM1ln in Figure 2.8. Thcre are 
molecul.ei you need w be able w draw, once you are familiar with their s1rucrure. 

3 Theimportanceolcarboolie-;inauniquecombiriatiooolproperties.Together.the1,1>propertiesareso 
remarkablethatbiologist1believetheyhavemadelilepos1ible.E1ta~i1hf0<your1etfthatyouunder1tand 
thembydo1ingthebookandthenrecordinginoutllnewhyeachislignilicant 



68 2 Molecular biol 

~ MolKulardiaramsofmetabolit•• 

glucose - asixca!boosugar(C,H,,01;); thetwoformsofglucosec!epernlonthe 

vF:,J 
' 1")'.: '/J'j 
"" I'-,! " 

a-glucose H H 

~=~the -41 ar>d ----OH atLKhed 

forsimplicityandconYeOience~isthe 
skeletalforroo~lt,ataremostfrequeott; 
usedinrecordingbiochemkalreactionsand 
=~thestructureofbioJocJi<:a ltyactive 

of a-glucose of~-9hx:ose 

saturatedlattyadd(CHa{CH,)nCOOH) 

~ Glucoseisasimplesugar 
~l- =dlaOde)-acarbor,;drate 

(paq,,76) 

Gluroseisarespiratorysubstrate 
(paq,,118).ltisaproduct of 
photosyothesis(page121) 

Can)OUfl'C<>gnizeitsh.octioral 
group(Hgun,25)? 

Noticethedifferencebetv.'el'Oa· 
and!>--glucose 

Monosac:d,aridescanbe 
condensed together to form 
disacc:handes,likesucrose(page 
78) - byenzymeaction 

Riboseisalsoacarbohj<Jrate 

Riboseoccu1'inRNA(page10S), 
ATl'(page117)ar>dhy<lrogen 
acceptors(NAOandNADP) 

fattyacidsreacl1<ithglycemlto 
lormtriljycerides -lipids(page 

,,,JJJJJJJJJJJJJJ_/ 
I I I I I I I I I I I I I I \_, 

"" 
Can)OUfl'C<>gnizeitsh.octioral 
group(f"}un,25)? 

Other ipidsarephospholipidsarnl 
steroids(pages86and88) 

"""noacid(R-CH(NH,-G>OH) Amiooacidscondensetogetherto 
lormpot,,peptidesandproteio, 
(fig..-e2.31,page90) 

• Flgure2.8 

sugars,llplds,and 

Drawing molecular diagrams 

Can )<JUrl'Cognizeitsh.octioral 
group(figun,25)? 

TheRg,oupsofthe20amOOacids 

~~;;is•reveryvariablein 

You should be able to draw molecular diagrams of the molecules listed below. Their structures 
are shown in Figure 2.8, but \Oil may find them easier to memorize as you become familiar with 
their main roles in metabolism. Practise drawing them again at these points: 

• glucose and ribose - Figure 2.14, page 76 

• asaturatedfattyacid - Figure2.21,page82 

• an amino acid - Figure 2.30, page 90 
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• Molecular biology, metabolism and 'vitalism' 
It was once believed that organic compounds could be produced only by the chemical processes 
within living things. The view was that a vital force or 'spark' in life created the molecules of 
living matter - the chemicals of life could not be reproduced by 'test-tube' reactions. This theory 
was known as 'vitalism'. 

In 1828 the German chemist Frederick Wllhler heated ammonium cyanate, an inorganic 
compound, and produced urea. Urea is a typical animal product - produced by the liver 
(page468)· 

Wllhler had synthesized biological material from non-biological substances. The results of 
his demonstration - once they were widely accepted - ended the idea of vital force. Today, 
molecular biology explains living proce:;ses in terms of the chemical substances involved, 
without controversy. 

2.2 W a t e r -ware, is rhemediumotlife 

Living things are typically solid, substantial objects, yet water forms the bulk of their structures -
between 65% and 95% by mass of most multicellular plants and animals (about 80% of a human 
cell consists of water). Despite this, and the fact that water has some uml'iual properties, water is 
a substance that is often taken for granted. 

The water molecule consists of one atom of ox~'gen and two atoms of hydrogen combined 
together by sharing electrons (covalent bonding). Hcw,ever, the molecule is triangular rather 
than linear, and the nucleus of the oxygen atom draws electrons (negatively charged) away 
from the hydrogen nuclei (positively charged) - with an interesting consequence. Although 

----- overall the water molecule is electrically neutral, there is a net negative charge on the oxygen 
4 Distinguish 

betwl.'enionicand 
covalent bonding 

atom and a net po,;itive charge on the hydrogen atoms. In other words, the water molecule 
carries an unequal distribu tion of electrical charge within it. This arrangement is known as a 
polarmolecu\e (Figurel.9). 

• Hydrogen bonds 
With water molecules, the positively charged hydrogen atoms of one molecule are attracted to 

negatively charged oxygen atoms of nearby water molecules, causing forces called hydrogen 
bonds. These are weak bonds compared to covalent bonds, yet they are strong enough to hold 
water molecules together and to attract water molecules to charged particles or to a charged 
surface. In fact , h~·drogen lx:,nds largely account for the unique properties of water. We examine 
these properties next. 

• The contrasting physical states of w ater and methane 
Water has a relative molecular mass of only 18, yet it is a liquid at room temperature. This is 
surprising; it contrasts with other small molecules that are gases, for example, methane (CH,i) of 
molecular mass 16. Similarly, neither ammonia (NH~ of molecular mass 17 nor carbon dioxide 
(C01, 44) are liquids at room temperature. But neither of these molecules contains h)'Urogen 
bonds. In gases, molecules are widely spaced and free to move about independently. In liquids, 
molecules are closer together. 
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• Fl gure2 .9 

The water molecule and 

the hydrogen bonds It 

In the case of water, hydrogen bonds pull the molecules very close to each other, which is why 
water is a liquid at the temperatures and pres.sure that exist O\·er much of the Earth's surface. As 
a result, we have a liquid medium with distinctive thermal and solvent properties 

• Thermal properties of water 

Heat energy and the temperature of water 
A lot of heat energy is required to raise the temperature of water. This is because much energy 
is needed to break the hydrogen bonds that restrict the mO\·emems of water molecules. This 
property of water is its specific heat capacity. The specific heat capacity of water is the highest 
of any known substance. Consequently, aquatic environments like streams and rivers, ponds, 
lakes and seas are wry slow to change temperature when the surrounding air temperature 
changes. Aquatic environments have much more stable temperatures than do terrestrial (land) 
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Another consequence is that cells and the lxxlies of organism do not change temperature 
readily. Bulky organisms, particularly, tend to have a stable lxxly temperature in the face of a 
fluctuating surrounding temperature, whether in extremes of heat or cold. 

Evaporation and heat loss 
The hydrogen bonds between water molecules make it difficult for them to be separated and 
vaporized (to evaporate). This means that much energy is needed to tum liquid water into water 
vapour (gas). This amount of energy is the latent heat of vaporization, and for water it is very 
high. Consequently, the evaporation of water in sweat on the skin, or in transpiration from 
green leaves, causes marked cooling. The escaping molecules take a lot of energy with them 
You experience this when you stand in a draught after a shower. And since a great deal of heat 
is lost with the evaporation of a small amount of water, ceding by evaporation of water is 

economical on water, too. 

Heat energy and freezing 
The amount of heat energy that must be removed from water to tum it to ice is very great, as is 

that needed to melt ice. This amount of energy is the latent heat of fusion and is very high for 
water. As a result, both the contents of cells and the water in the environment are always slow to 
freeze in extreme cold 

• Cohesive properties of water 
Cohesion is the force by which individual molecules stick together. Water molecules stick 
together as a result of hydrogen bonding. These bonds continually break and reform with other, 
surrounding water molecules but, at any one moment, a large number are held together by their 
hydrogen bonds 

Adhesion is the force by which individual molecules ding to surrounding material and 
surfaces. Materials with an affinity for water are described as hydrophilic (page 30). Water 
adheres strongly to most surfaces and can be drawn up long columns, such as through narrow 
tubes like the xylem vessels of plant stems, without danger of the water column breaking (figure 
2.11). Compared with other liquids, water has extremely strong adhesive and cohesive properties 
that prewnt it 'breaking' under tension 

Related to the property of cohesion is the property of surface tension. The outermost 
molecules of water form hydrogen bonds with the water molecules below them. This gives water 
a very high surface tension - higher than any other liquid except mercury. The surface tension of 
water is exploited by insects that 'surface skate' (Figure 2.10). The insect's waxy cuticle prevents 
wetting of its body, and the mass of the insect is not great enough to break the surface tension. 

Below the surface, water molecules slide past each other very easily. This property is 
described as low viscosit y. Consequently, water flows readily through narrow capillaries, and 
tiny gaps and pores 
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• Rgure2.11 Waterlsdrawnupatreetrunk 

• Solvent properties of water 
Water is a powerful solvent for polar substances such as 

• ionic substances like sOOium chloride (Na• and Q-); all cations (positively cMrged ions) and 
anions (negatively charged ions) become surrounded by a shell of orientated water molecules 
(FigureZ.12) 

• Rgure2.1 2Water loniccompoundslike 
NaCldissolYeinwate,. 

Sugars and alcohols 
dissolveduetot,,,dmgen 
bond ing between polar 
groups in their molecules 

~~~~-~~~ the pola r 
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• carlxm-containing (organic) molecules with ionized groups (such as the carboxyl group -CCX)-
_____ and amino group - NHJ •); soluble organic molecules like sugars dissolve in water due to the 
5 lnan;iqueotJS formation of hydrogen bonds with their slightly charged hydroxyl groups (- OH) 

Once they have dissolved, molecules (the solute) are free to move around in water (the solvent) 
and, as a result, are more chemically reactive than when in the undissolved solid 

solution of glucose, 
state which 
component is the 
solvent and which is On the other hand, non-polar substances are rept'lled by water, as in the case of oil on the 

_____ surface of water. Non-polar substances are hydrophobic (water-hating) 

• Table2.1 Transport 

ofmetaboll teslnthe 

and life-summary 

, E11.plaln the 
'iignificanceto 
organism1{plant1 
and animals)ol 
waterasa rnol,mt 
andtramport 
medium in terms of 
its properties 

• Transport of metabolites in t he blood - and t heir 
so lubilities in water 

Blood is the transport medium of the body, many metabolites being carried around the body in 
the blood plasma (page 254). Yet not all metabolites are soluble in water. In Table 2.1 the ways in 
which a selection of e,sential metabolites is carried are compared with their solubility in water. 

A summary of the properties of water molecules and the associated benefits to life is given in 
TableZ.2. 

glucose 

lats(lipkl1) 

Property 

Solubility In w ater Mechanism of transport In the blood 

higho/rnlubk> dissolved in the blood plasma 

so luble dissolved inthebloodplasmas 

low solubility in the 
plasma - about 
4.Sml/1 

highly soluble 

inparticle1calledlow-demitylipopmteins(LOL'i}, 
complexesof thou1andsofchole1temlmolernlesbound 
toprnte im{'badchole1ternl'),andinh~h-demity 
lipopmtein partides{HOLsor'goodcholesteml') 
(p 86) 

absortJedin thegut(intolacteals)asdroplets,emul1rtied 
bybilesalts;tran,portedaboutthebody{frornfatstore 
site1torespiringcells)a1water-rn lubk>pho1pholipids 
(page SB) 

rnmbined with hemoglobin in the red blood cells 
(page254) - about200mlperlitreofbloodcanbe 
transported 
asNa· andCI iom,dis1olvedinthepla1ma 

1 aliquidatroomtemperature,waterdissolvesmore 
substaocesthan anyothercommooliquid 

lkjuklmediumforlivingthingsandforthe 
chemistry of l~e 

2 muchheatenergynl.'eded toraise thetemperatureof 
water 

;iquaticenvironment1lowtochange 
temperature; 
bulkyorganism1have1tabk>temperatures 

3 evaporalionrequiresagreatdealo f heat evaporationcau1esmarkl>dcooling(much 
heat islostbyevaporationofa1mall 
quantity of water) 

4 muchheathasto beremovedbeforefreezingocrnrs cellrnntent1andwaterin..quatic 
envirnnmentsare slowtofreezeincold 
weather 

5 surface water molernles orientate with hyrlrogen bonds water forms dropk>ts and ro lls off surfaces; 
fac:inginwards certa inanimalsexploit1urfac:eterisionto 

moveoverwater11.1rfac:e 

6 water mole ru les 1lide past eac:h other easily {low viscosity) water flows ea1ily through nmow Cafl ill,ir ies, 
andthrough tiny1paces(e.g. insoils,1pace1 
in cell walls) 

7 water molernles adhere to surfaces water adheres to walls of xylem ves1el1 as ii 
~~wn up the stem to the leaves, from the 

8 waterrn lumndoesnotbreakorpullaf)artundertension watercan belrttedbyforcesapplil.'dat the 
top, and so canbedrawnup xylemves1el1of 
treetrunk1byforcesgeneratedintheleaves 
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• Water resources - an international issue 
The waters of the Earth are constantly circulating. It is solar energy that drives this water cycle 
and, on average, a molecule of water that evaporates from the sea has returned within about 
14 days. The distribution of water resources is shown in Figure 2.13. 

An adequate supply of water is a vital requirement of all human communities. A great 
deal of water is used in industry, including in agriculture (for irrigation) and industrial 
manufacturing (for cooling and cleaning). Domestic consumption in developed countries 
demands more than 200 litres per person per day, of which only about 1.5 litres is used 
for drinking. Much water is wasted. The typical daily water consumption by people in the 
dewloping world is about 20 litres. Women and girls in rural Africa spend an average 3 hours 
perdaycol1ectingwater. 

Global fresh water resources are under threat from rising demand. Shared water resources 
have generated conflict.I between communities in several parts of the world. Growing 
populations need more water for drinking, hygiene, sanitation and industry. The current sources 

----- of water for domestic and industrial uses are surface water (rivers, lakes and reservoirs) and 
1 Deslgn apibtp!ant 

for the desali nation 
ofseaw.iter.given 
unl imited sunlight 

deep groundwater (via wells and springs). The problem of water supply can be overcome in part 
by better use of available water - much of this is currently wasted. An altemath·e source is by 
removal of dissoh-ed salts (desalination) of sea water or brackish water. This is practical where 
thereisasourceofcheapenergy. 

The world", total water amounts to almost 
1.5t,;llionkm1distributedbetween 
saltwater %% 
freshwate, 4% 
aspolarKe/glaciers.ur>der,,-ound.in!akes 
andrivers.asvapourintheai,andinthe 
bi"'Phere 

• Flgure2.13 Water-thelssues 
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Claims about the memory of water have been c.itegorized .11 pseudo1dentifK. Wh.it are the criteria that can 
beu1edtodistin9uishscien~ficc!aimsfrnmpseudosc~ntificcla im1? 
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2.3 Carbohydrates and lipidS -oompound,ofmbon,hydrog,n 
and oxygen are used to supply and store energy 

• Carbohydrates 
Carbohydrates are the largest group of organic compounds found in li~·ing things. They inclOOe 
sugars, cellulose, starch and glycogen. Carbohydrates are compounds that contain only three 
elements: carbon, hydrogen and oxygen, with hydrogen and oxyge-n always present in the ratio 
2:1 (as they are in water - H10), so they can be represented by the general formula Cx(H10),. 
Table 2 . .3 is a summary of the three types of carbohydrates commonly found in living things 
Remember, we haw already met noo monosaccharide mgars (Figure 2.8, page 68) andyow are 
familiar with their Jtrncrnral Jormwlae. 

Carbohydrates-general formu laC,(H,Ol, 

limpk>sugars (e.g . glurnseand two1imple1ugarsrnndensed 
fructosewithsixcarbonatoms; together{e .g. 1ocrn,;e.lacto,;e. 
ribosewithfivecarbonatoms) matlo,;e) 

Monosaccharides - the simple sugars 

Polysaccharides 
verymany1imple1ugars 
rnridensedtogether(e.g.1tarrh. 
glycogen.cellulose) 

Monasaccharides are carbohydrates with relatively small molecules. They taste sweet and are 
soluble in water. In biology, glucose is an especially important monosaccharide because: 

• all green leaves manufacture glucose using light energy 

• our lxxlies transport glucose in the blood 

• allcel\suseglucoseinrespiration - wecallitoneoftherespiratorysubstrates 

• in cells and organisms, glucose is the building block for very many larger molecules. 

The structure o f glucose 

Glucose has the chemical or molecular formula C6H 110 6. This type of formula tells us what 
the component atoms are, and the number of each in the molecule. For example, glucose is 
a 6-carbon sugar, or hexose. But the molecular formula does not tell us the structure of the 
molecule. 

Glucose can be written on paper as a linear molecule but it cannot exist in this form 
(because each carbon arranges its four bonds into a tetrahedron, so the molecule cannot be 
'flat'). Rather, glocose is folded, taking a ring or cyclic form. Figure 2.14 shows the structural 
formula of glucose 

The carbon atoffi.l of an organic molecule may be numbered. This allows us to identify which 
atoffi.l are affected when the molecule reacts and changes shape. For example, as the glucose ring 
forms, the oxygen on carbon-5 attaches itself to carbon-I. Note that the glucose ring contains 
five carbon atoms and an oxygen atom (Figure 2.14). 

I somers 

Compounds that have the same component atoms in their molecules but which differ in the 
arrangement of the atoms are known as isomers. Many organic compounds exist in isomeric 
forms.For example· 

• in the ring structure of glucose the positions of the - H and - OH groups that are attached 
to carbon atom 1 may interchange, giving rise to two isomers known as a-glucose and 
p.giucose(FigureZ.8,page68) 

• an organic compound that has four different chemical groupings attached to a single 
carbon atom gives rise toa three-dimensional model that can be built in two ways. 
These are identical except that they are mirror images of each other. The two for= of 
glyceraldehyde are examples (Figure 2.15). They have the same chemical properties, but in 
solution they rotate the plane of plane-polarized light in opposite directions, and so they are 
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optical isomers. One form rotates the plane of polarized light to the right and is said to be 
dextrorotatory (represented in the name by D-), and the other rotates the plane of polarized 

8 sugges t why lighttotheleftandissaidtobelevorotatory(representedbyL-). 

~~~o~ ~:~~:ke In the following pages \Otl learn about the roles of u.-D-glucose and l!,D-glucose in cell 
rnmmcmly found chemistry. The names of organic compounds - and of the linkages between compounds when 
as a storage fDfm they combine - can be complex because their names give this information. When we compare 
of carbohydrate in the structure of the polysaccharide cellulose with that of starch and glycogen, the significance of 

_ ,_eis_, _r li_ss,_es__ this difference will become apparent. Now you know what these names mean. 
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• Fl gure2.1 5Glyceraldehyde: 

thecarbonatomlscapableofreactlngwlthfourotheratomstoform 

thefourcovalentbondsofcarbonpolnttothecornersofaregular 
tetrahedron(apyramldwlthatrtangularbase) 
carbon compounds are three-dlmenslonal molecules. See Appendix I, page 5. 
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Other monosaccharides of importance in living cells 

Glucose, fructose and galactose are examples of hexose sugars that commonly occur in cells and 
organisms. Other monosaccharide sugars produced by cells and used in metabolism include: 

• 3-carbon sugars (trioses), early prOOucts in photosynthesis (page 367) 

• 5-carbon sugars (pentoses), namely ribose and deoxyribose. 

The pentoses ribose and deoxyribose are components of the nucleic acids (page 105) 
The structures of both these pentoses are also shown in figure 2.14. 

Testfor' reducing sugars' 

Glucose (an aldose) and fructose (a ketose) are reducing sugars (see Figure 2.17). Aldoses and 
ketoses are 'red ucing sugars'. This means that, when heated with an alkaline solution of copper 
(II ) sulfote (a blue solution, called Benedict's solution), the aldehyde or ketone group reduces 
Cu1* ions to Cu' ions, forming a brick-red precipitate of copper (I) oxide. In the process, the 
aldehyde or ketone group is oxidized to a carboxyl group (- CXX)H ). 

This reaction is used to test for reducing sugar, and is known as Benedict 's test (Figure 2.16). 
If no reducing sugar is present, the solution remains blue. The colour change observed depends 
on the concentration of reducing sugar. The greater the concentration, the more precipitate is 
formed and the greater the colour change 

blue ~ green ~ yellow ~ red ~ brown 

wa~ _ _ 

(control) 

tut,,,,;w,,,etransfeoedtoa,adandthe 
colou,. compared 

/ 
with0.1'!'. 

gl<.e<><l'scivHoo glucose solution 

• Flgure2.16 Thetestfor reduclngsugar 
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Oisaccharides are carbohydrntes made of two monosaccharides combined together. For example, 
sucrose is formed from a molecule of glucose and a molecule of fructose chemically combined 
together. 

C onden sation and hydrolysis reactions 

When t"-U monosaccharide molecules are combined to form a disaccharide, a molecule of water 
is also formed as a product, so this type of reaction is known as a condensation reaction. The 
linkage between monosaccharide residues, after the remm.il of H-0-H between them, is called 
a glycosidic linkage (Figure 2.17). This comprises strong, covalent bonds. The condensation 
reaction is brought about by an enzyme 
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• Flgure2.17 
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In the reverse process, disaccharides are 'digested' to their component monosaccharides in a 
hydrolysis reaction. This reaction involves adding a molecule of water (hydro-) as splitting (-lysis) 
of the glycosidic linkage occurs. It is catalysed by an enzyme, too, but it is a different enzyme 
from the one that brings about the condensation reaction 

Apart from sucrose, other disaccharide sugars pnxhx:ed by cells and used in metabolism include: 

• maltose, formed by condensation reaction of two molecules of glucose 

• lactose, formed by condensation reaction of gabctose and glucose. 

Polysaccharides 
Polysaccharides are built from very many monosaccharide residues condensed together. Each 
residue is linked by a glycosidic bond. 'Poly' means many and, in fact, thousands of 'saccharide' 
residues make up a polysaccharide. So a polysaccharide is an example of a giant molecule, a 
macromolecule. Normally, each polysaccharide contains only one type of monomer. Cellulose is 
a gcxxl example - built from the monomer glucose. 

Cellulose is by far the most abundant carbohydrate - it makes up more than 50% of 
all organic carbon. (Remember that the gas carbon dioxide, COi, and the mineral calcium 
carbonate, CaCOJ, are examples of 'inorganic' carbon.) 

The cell walls of green plants and the debris of plants in and on the soil are where most 
cellulose occurs. It is an extremely strong material - insoluble, tough and durable, and slightly 
elastic. Cellulose fibres are straight and uncoiled. When they are extracted from plants, cellulose 
fibres have many indll'itrial uses. We use cellulose fibres as cotton, we manufacture them into 
paper, rayon fibres for clothes manufacture, nitrocelluose for explosives, cellulose acetate for 
fibres of multiple uses, and cellophane for packaging. 

Cellulose is a polymer of P-glucose molecules combined together by gl~osidic bonds 
between carbon-4 of one P-glucose molecule and carbon-I of the next. Successive glucose 
units are linked at 180° to each other (Figure 2.18). This structure is stabilized and 
strengthened by h~·drogen bonds between adjacent glucose units in the same strand and, 
in fibrils of cellulose, by hydrogen bonds between parallel strands, too. In plant cell walls 
additional strength comes from the cellulose fibres being laid down in layers that run in 
different directions. 
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Starch 

Starch is a mixture of two polysaccharides 
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glucose molecules 

~=.:~::..,.,,. 

• Amy\ose is an unbranched chain of several thousand 1,4 linked a.-glucose units. 

• Amylopectin has shorter chains of 1,4 linked a -glucose units but, in addition, there are 
branch points of 1,6 links along its chains (Figure 2.19). 

In starch, the bonds between glucose residues bring the molecules together as a helix 
strength The whole starch molecule is stabilized by countless hydrogen bonds between parts of the 

----- componentglucosemolecules. 
Starch is the major storage carbohydrate of most plants. It is laid down as compact grains 

in plastids called leucoplasts (page 23). Starch is an important energy source in the diet of 
many animals, too. Its usefulness lies in the compactness and insolubility of its molecule. Also, 
it is readily hydrolysed to form sugar when required. We sometimes see 'soluble starch' as an 
ingredient of manufactured foc:xls. Here the starch molecules have been broken down into short 
lengths, making them more easily dissolved 

We test for starch by adding a solution of iodine in potassium iodide. kxline molecules fit 
neatly into the centre of the starch helix, creating a blue-black colour. 

Glycogen 

Glycogen is a polymer of u.-glucose, chemically '"ery similar to amylopectin, although larger and 
more highly branched. Gl~ogen is one of our body's energy reserves and is used and respired as 
needed. Granules of gl~ogen are seen in liver cells (figure 2.20), muscle fibres and throughout 
the tissues of the human body. The one exception is in the cells of the brain. Here, virtually no 
energyreser..-esarestored. Instead, braincellsrequireaconstantsupplyofglucosefromtheblood 
circulation. 
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Examples of some imp:,rtant carboh)'Urates are given in Table 2.4 

Using JMol to compare cellulose, starch and glycogen 

You can locate and download the free software ']Mol' by means of a search engine. Directions on 
downloading and using JMol can be acce>Sed at: http:Hjmol.sourceforge.netfdownload/ 

Open the software, choose 'Molecules to look at' and then the file 'Starch, cellulose and 
gl~ogen'. Left click on the molecules to rotate them. Right click to display a menu. Choose 
'Zoom' to magnify and make further obsen"ations. Re/are wha1 )'Olt haw seen ro ihe imagei of ihese 
molecules shown in !his sec1ion of 1hr book (pages 79- 80). 

Incidentally, there are other websites that use ]Mol, which )OU may find easier to use. 
Use )Ollr search engine to locate them if necessary. 
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Polysaccharides 
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• 1toragecarbohydrate 

Lipids contain the elements carbon, hydrogen and oxygen, as do carbohydrates, but in lipids the 
proportion of oxygen is much less. Lipids are present as animal fats and plant oils, and also as 
the phospholipids of cell membranes. Fats and oils seem rather different substances, but their 
only difference is that at about Z0°C (room temperature) oils are liquid and fats are solid. Lipids 
are insoluble in water. In fact, they generally behave as 'water-hating' molecules, a property 
described as hydrophobic. Hcw,ever, lipids can be di,solved in organic solvents, such as alcohol 
(e.g. ethanol) and propanone (acetone). 

Fats and o ils are triglycerides 
Fats and oils are compounds called triglycerides. They are formed by reactions, between fatty 
adds and an alcohol called glycerol, in which water is remoYed (condensation reactions) 
Three fatty acids combine with one glycerol to form a triglyceride. The structure of a fatty 
acid commonly found in cells and of glycerol is shown in Figure 2.21, and then the steps to 

triglyceride formation are shown in Figure 2.22. In cells, enzymes catalyse the fotmation of 
triglycerides and also the breakdown of glycerides by hydrolysis. 

The fatty acids present in fats and oils hani long hydrocarbon 'tails'. These are typically of about 
16- 18 carbon atoms long, but may be anything between 14 and ZZ. The h)'Urophobic piq,erties of 
trigl~erides are due to these hydrocarbon tails. A m;)lecule of trigl~~eride is quite large, but 
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• Flgure2.21 Fatty Fattyacid 
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----- relatively small when compared to polymer macromolecules like starch and cellulose. It is only 
11 ~~:tsh because of their hydrophobic propt'rties that triglyceride molecules clump together (aggregate) 

condensation and into huge globules in the presence of water, giving them the appearance of macromolecules. 
hy<Jrofysis re..c:tiom We describe fatty acid molecules as 'acids' because their functional group (-COOH) tends to 
Give an ex.imple of ionize (slightly) to prOOuce hydrogen ions - which is the property of an acid· 
each 

- COOH ~ -COO- + H+ 

It is this functional group of each of the three organic acids that reacts with the three - COH 
functional groups of glycerol to form a triglyceride (Figure 2.22). The bonds formed in this case 
are known as ester bonds. 

Saturated and unsaturated lipids 
We have seen that the fatty acids combined in a triglyceride may vary in their length. In fact, 
the fatty acids present in dietary lipids (the lipids we commonly eat) nuy in another, more 
important way, tco. To understand this difference we need remember that carbon atoms, 
combined together in chains, may contain one or more double bonds. A double bond is formed 
when adjacent carbon atoms share 1wo pairs of electrons, rather than the single electron pair 
shared in a single bond (Figure 2.4, page 65). 

Carbon compounds that contain double carbon=carbon bonds are known as unsaturated 
compounds. On the other hand, when all the carbon atoms of an organic molecule are 
combined together by single bonds (the hydrocarbon chain consists of - CH1- CH1- repeated 
again and again), then the compound is described as saturated. 

This difference is of special importance in the fatty acids that are components of our dietary 
lipids(Figure2.23): 

• Llpids built exclusively from saturated fatty acids are known as saturated fats. Saturated fatty 
acids are major constituents of butter, lard, ,uet and cocoa butter. 
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• Lipidsbuiltfromoneormoreunsaturatedfattyacidarereferredtoas unsaturated fats 
by dieticians. These occur in significant quantities in many common fats and oils - they 
make up about 70'lb of the lipids present in olive oil. Where there is a single double bond 
in the carbon chain of a fottyacid, the compound is referred to as a monouru;aturated fatty 
acid. However, it is possible and common for there to be two or more double bonds in the 
carbon chain. Lipids with two (and sometimes three) double bonds occur in large amounts 
in vegetable seed oils, such as maize, soya and sunflower seed oils. These are examples of 
polyunsaturated fatt y acids. Fats with unsaturated futty acids melt at a lCM'er temperature 
than those with saturated fatty acids, because their unsaturated h~·drocarbon tails do not 
pack so closely together in the way those of saturated fats do. This difference between 
saturated and polyunsaturated fats is important in the manufacture of margarine and butter· 
type spreads, since these 'spread better, straight from the fridge'. Polyunsaturated fats are 
important to the health of our arteries (page 86) 

Cis and trans fatty acids 
In many organic molecules, rotation of one part of the molecule with respect to another part is 
i:ossible about a single covalent -C-C- bond. However, when tl'U carbon atoms are joined by 
a double bond (-C=C- ) there is no freedom of rotation at this i:oint in the molecule. We can 
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demonstrate the significance of this in a monounsaturnted fatty acid of chemical formula 
Cl?HJJCCX)H, where the double bond occurs in the mid-point of the h)Orocarbon chain, 
between carbon atoms 9 and 10 (Figure 2.24). In one possible form of this molecule, the two 
parts of the hydrocarbon chain are on the same side of the double bond. This molecule is the cis 
form of the acid. The alternative form has the two parts of the hydrocarbon chain on opposite 
sides. This is the rnmi form of the molecule. 

c,,H"COOl-l,anunsaturatedfattyadd 

ci,tom,{oleicadd) 
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The cis and tmn.s fats are significant because 

• our enzymes can 'recognize' the difference between cis and rrans forms of molecules at 
their active sites (page 94); enzymes of lipid metabolism generally recognize and can trigger 
metabolism of the cis forms, but not the rrans forms 

• diets rich in mms fats increase the risk of coronary heart disease by raising the levels of LDL 
cholesterol in the blood and lowering the levels of HDL cholesterol (page 86). 

Omega-3 fatty acids 
Omega-3 fatty acids are a select group of naturally occurring polyunsaturated fatty acids. They 
are chemically special in that they have between three and six double bonds in the hydrocarbon 
tail and, in particular, the first double bond is always positioned between the third and the fourth 
carbon atom from the opposite (omega) end of the hydrocarbon chain to the carboxyl group, 
as shown in Figure 2.25. A number of omega-3 fatty acids occur in plant and fish oils, and are 
thought to be particularly beneficial to health, of which more later. 

The roles of fats and oils as energy store and metabolic water source 
When triglycerides are oxidized in respiration, a lot of energy is transferred (and used to 
make, for example, ATP - page 115). Mass for mass, fats and oils transfer more than twice 
as much energy as carbohydrates do, when they are respired (Table 2.5). This is because fats 
are comparatiwly low in oxygen atoms (the carbon of lipids is more reduced than that of 
carbohydrates), so more of the oxygen in the respiration of fats comes from the atmusphere. 
In the oxidation of carbohydrnte, more oxygen is present in the carbohydrate molecule itself. 
Fatandoils,therefore,formaconcentratedenergystore. 

Because they are insoluble, the presence of fat or oil in cells does not cause usmotic water 
uptake. A fat store is especially typical of animals that endure long unfavourable seasons in 
which they survive on reser,·es of f<XXl stored in the lxx:ly. Oils are often a major energy store in 
plants, their seeds and fruits, and it is common for fruits and seeds - including maize, olives and 
sunflower seeds - to be used commercially as a source of edible oils for humans. 

Complete oxidation of fats and oils prOOuces a large amount of water, far more than when the 
same mass of carbohydrate is respired. Desert animals like the camel and the desert rat retain 
much of this metabolic water within the lxxly, helping them survive when there is no liquid 
water for drinking. The development of the embr)'Us of birds and reptiles, while in their shells, 
also benefits from metabolic water formed by the oxidation of the stored fat in their egg's )Olk. 
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I Diets with an excess of lipids and fatty acids provide more energy-rich items than the lxx:ly 
requires. People in such affluent situations are in danger of becoming o,·erweight and then 
obese (Figure 2.26), because of the stornge of excess fat in the fat cells that make up the 
adipose tissue stored around the body organs and under the skin 
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People who are chronically m"erweight have enhanced likelihco.:ls of acquiring type II diabetes 
(page 301) and high blcxxl pressure (hypertension, page 266). Also, in an affluent society 
where people are generally active, there are social and psychological pressures that may cause 
an obese person to become depressed. The !X)pUlar image of the jolly fat person is often rcoted 
in misunderstanding! 

Sometimes, people in affluent communities may suffer from apparently deliberate 
avoidance of adequate nutrition (anorexia nervosa, Option D). In other communities, health 
problems can arise from chronic malnutrition due to harvest failure, or due to poor fcxxl 
distribution caused by political instability or warfare. 

2 The lipid cholesterol is a component of the diet, particularly when animal fats are present. 
This lipid, a steroid, is of different chemical structure from that of the fatty acids. The 
'skeleton' of a steroid is a set of complex rings of carbon atoms; the bulk of the molecule is 
hydrophobic, but the polar - OH group is hydrophilic (Figure 2.27) 
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ofmolectk 

,o ~ 

(polar-OH group) 

Cholesterol is present in the blood plasma, and has important roles in the lxxly· 

• It is an essential component of the plasma membranes of all cells. 

• The sex hormones progesterone, estrogen and testosterone and also certain growth 
hormonesareproducedfromit 

• Bile salts are synthesized from it. These compounds are required for transport of lipids in 
the blood plasma 

Consequently, cholesterol is essential for normal, healthy metabolism. An adult human 
on a low-cholesterol diet actually forms about 800 mg of cholesterol in the liver each day. 
However, diets high in saturated fatty acids (i.e. animal fats) often lead to abnormally high 
blood-cholesterol levels. Excess blcxxl cholesterol, present as LDL (page 73), may cause 
atherosclerosis - the progressive degeneration of the artery walls. A direct consequence of 
this is an increased likelihcxxl of the formation and circulation of blcxxl clots, leading to 
strokes and heart attacks (known as myocardial infarctions, page 266; Figure 2.28). 
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3 Omega-3 fatty acids, on the other hand, may help prevent heart disease by reducing the 
tendency of the blood to form clots and by giving us healthy, well-functioning plasma 
membranes abound cardiac muscle fibres 

This claim is based on studies of people who ha,·e a high daily intake of these fatty 
acids, such as Greenland Eskimos (from trials known as 'cohort studies'). Here, diets are 
exceptionally rich in oily fish meat. Associated with this diet (and lifestyle), a very much 
reduced likelihood of an acute m)OCardial infarction (heart attack) than other human 
groups is obserYed. It is estimated by dieticians who favour cohort studies that we need about 
0.2g/day (l.5g/week) ofomega-3 fatty acids, which will be taken in ifwe eat sufficient oily 
fish, regularly. A plant source rich in omega-3 fatty acids is the walnut 

However, other studies (referred to as 'randomized control trials') suggest it may 
be difficult to show the clear benefits of omega-3 fatty acids. This issue may remain a 
controversialoneforsometime. 
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4 Fat deposits are not inert stores, rather they are constantly being broken down and reformed 
However, during fat metabolism small amounts of acids are produced, known as ketone 
bodies. In people with an excessively lipid-rich diet , and also those with severe diabetes, 
these may accumulate and reach toxic levels. Their acidity dangerously lowers the blood pH 
(from a normal 7.4 to 7.2 or lower), causing a condition known as acidosis. This may trigger a 
coma and can eventually lead to death. 
Diets that are consistently ,-ery low in energy-rich foods, including lipids, also cause major 
health risks. Such diets do not contain sufficient fatty acids, so people typically respire the 
amino acids derived from protein digestion, rather than using them to build and maintain 
tissues. On a continuing low-energy diet, muscle proteins are broken down, and the booy 
wastes away. For the nutritionally deprived members of communities in less-developed 
countries this is a constant danger. 

r 
Eval"'fogdalm, 
The points above indicate that there are marked variations in the prevalence of different health 
problems in societies around the 'M>rkl. Claims are based on: 
• epidemiologiail studies - these provide circumstantial evidence of health risks; they suggest 

connections, but they do not establish a cause or biochemical connection 
• clinical studies of i.ndividual patients with health problems attempt .to show causal relations 

between diseases and diets (however, it is not p:,ssible to carry out 'controlled' experiments 
for ethical reasons) 

So, health claims made about lipids need to be assessed in context. The issues continue to 
present complex challenges for dieticians and ix>liticians in all societies 

TDK Unk 
1tissaidtherearernnflktingvii.wsastotheharm1andbenefit1ollat1indit>t1.Towtiatextenti1thistrue 
ifl)'O\lf(OUfltry/1/-/n'{I 

Other applications of lipids 
Subcutaneous fat as a buoyancy aid (and thermal insulation) 

Fat is stored in animals as adipose tissue, typically under the skin, where it is known as 
subcutaneous fat. In aquatic diving mammals, which have a great deal of subcutaneous fut, it is 
identified as blubber. Blubber undoubtedly gives buoyancy to the booy, since fat is not as dense 
as muscle or bone. 

If fat reserves like these have a restricted blood supply (as is normally the case), then the heat 
of the booy is not especially distributed to the fat under the skin. In these circumstances the 
subcutaneousfatalsofunctionsasaheat-insulationlayer. 

Water-proofing of hair and feathers 

Oily secretions of the sebaceous glands, found in the skin of mammals, act as a water repellent, 
preventing fur and hair from becoming waterlogged when wet. Birds have a preen gland that 
fulfilsthesamefunctionforfeathers 

Electrical insulation 

Myelin lipid in the membranes of Schwann cells, forming the sheaths around the long fibres 
of nerve cells (page 290), electrically isolates the cell plasma membrane and facilitates the 
conduction of the nerve impulse there. 

• Phospholipid 
A phospholipid has a similar chemical structure to triglyceride; here, one of the fatty acid groups 
is replaced by phosphate (Figure 2.29). This phosphate is ionized and is, therefore, water soluble. 
So phospholipids combine the hydrophobic properties of the hydrocarbon tails with hydrophilic 
properties of the phosphate 
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Phospholipid molecules form monolayers and bilayers in water (Figure 1.35, page 31). 
A phospholipid bilayer is a major component of the plasma membrane of cells. 

2. 4 Proteins - proteins have a verr wide range of functions in living organisms 

Proteins make up about two-thirds of the total dry mass of a cell. They differ from carbohydrates 
and lipids in that they contain the element nitrogen and, usually, the element sulfur, as well as 
carbon, hydrogen and oxygen. 

Amino acids are the molecules from which peptides and proteins are built - typically 
several hundred or e,·en thousands of amino acid molecules are combined together to form 
a protein. Notice that the terms 'polypeptide' and 'protein' can be used interchangeably 
but, when a polypeptide is about 50 amino acid residues long, it is generally agreed to have 
become a protein. 

• Amino acids - the building blocks of peptides 
Figure 2.30 shows the structure of an amino acid. As their name implies, amino acids carry two 
groups 

• an amino group (- NHz) 

• an organic acid group (carboxyl group - C(X)H) 

These groups are attached to the same carbon atom in the amino acids which get built up into 
proteins. Also attached here is a side-chain part of the molecule, called an R group 

Proteins of living things are built from just 20 different amino acids, in differing 
proportions. All we need to note is that the R groups of these amino acids are all very different 
and consequently amino acids (and proteins containing them) have different chemical 
characteristics. 

rm@EHH:iiS ~°:~.i~ t:: ~~;~~~=s~:~~;~1~ i~:'::~:~et
5

he same amino acids. 
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• Peptide linkages 
Two amino acids combine together with the loss of water to form a di peptide. This is one 
more example of a condensation reaction. The amino group of one amino acid reacts with the 
carboxyl group of the other, forming a peptide linkage (Figure 2.31). 

A further condensation reaction between the dipeptide and another amino acid results 
in a tripeptide. In this way, long strings of amino acid residues, joined by peptide linkages, 
are formed. Thll'l, peptides or protein chains are assembled, one amino acid at a time, in the 
presenceofaspecificemyme(pagell2). 

Proteins differ in the ~11riety, number and order of their constituent amino acids. The order 
of amino acids in the polypeptide chain is controlled by the cOOed instructions stored in the 
DNA of the chromosomes in the nucleus (page 110). Changing one amino acid in the sequence 
ofaproteinmayalteritspropertiescompletely. 

• Figure 2.31 Peptide amioo acids combine together. the amioogroup of one with the carboxyl group of the other 

di peptide 

1\/henafurthe,amiooacidresiduelsattachedbycondemationreaction.atripeptideisformed 
lnthisway.longstringsofamiooacidresiduesan,assembledtoformpolypeptidesandproteins 
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• The structure of proteins 
Once the chain is constructed, a protein takes up a specific shape. Shape maners with 
proteins - their shape is closely related to their function. This is especially the case in proteins 
that are enzymes, as we shall shortly see. The four levels of structure to a protein are shown in 
TableZ.6. 

When a protein loses its three-d imensional shape, we say it has been denatured. Heat or a 
small deviation in pH from the optimum can have this effect (page 96). Now, when this happens 
to small proteins, it is found that they generally revert back to their former shape, once the 
conditions that triggered denaturation are remO\·ed. This observation suggested that it is simply 
the amino acid sequence of a protein that decides its tertiary structure. This may well be true for 
many polypeptides and small proteins. However, in most proteins within the cell environment, 
folding is a speedy process in which some accessory proteins, including enzymes are normally 
imuh·ed. These may determine the shape as much or more than the primary structure does. 

Secondary struc ture Tertia ry structure Quaternary structure 

Toisistheseque nceofth e 
amlnoaddsin themolernle 
Proteinsdifferinthevarfety. 
numberandordefoftheir 
amino.Kids This sequence 
determinesthe1hape;md 
structure of the protein 

Thisdevl'lopswtienpartsof 
thepolypeptidechaintaleup 
apartkular5hapebyrniling 
toproduceana·he ll xorby 
folding into II-sheets.These 
shapes;irepermanent.h!'ldin 
place by hydrogen bonds 

Thisistheprer:ise. rnmpact 
structure.uniquetoapartirnlar 
protein.ltariseswhenthe 
moier:uleisfurtherfoldedand 
hekl inaparti::ularrnmplex 
shape.madepermanentbylour 
differenttypesofbondthatare 
established between adjacent 
partsofthechain(Rgure 
2.32).S.Omeformintolong. 
much-coiledchains{flbrous 
prote ln s).Otherstakeupa 
morespheric.1lshape(g lobular 
prote ins) 

Toisarisesw!lentwoormore 
proteinsarehekltogether. 
formingarnmplex.biologica lly 
;.c:tive molernle.Anexample 
is the respiratory pigment 
hemoglobin. IO\lnd in red blood 
cells.Thi1moler:ulernnsist1of 
four polypeptide chains held 
aroundanon-proteinheme 
group.inwhichanatomofiron 

• Flg ure2.32Cross­

llnklngwlthlna 

polypeptide 

polypeptidechainmade----- ...,... 
upofaIDno;.c:idresidues ~fl, 

;~:;:~~~~ 
11sharedbytwootheratoms.e.9. i---01-1 

-HO,SE- j"' 
)N - Hmmo( 

I these come into play when two or more r- vander Waalsforces(bonds) 

Jfl atomsarevery close(03-0.4nma?"r!J 

fl,c...- 'cH, 

"' rn £ '"""''·'""' 1 '-o,...- 1 strongcOYalentbondfonned 

j 
bytheoxidabooof - SHgmul" 
oftwocystem.,s,dechans 

elec:trostaticmteraction 
- CH,- s- s- c betwi'l'noppos,telycha,ged 

0 

,ons mayoftenbebrcl::enby 
ctlangrr,gthepH r '""""°"' 

L c1-1,- cH,- CH,- CH,- NH,· o~ 1- rn,i 'N - H1 c'.._ 

electr~itive j ~er:tmnegative 
hydrogen atom 

H;<Jrogenbondsa!l'weak.butare 
common ;n many Jldypeptide chains; 
theyhelptostab ilizetheJ)Rlte;nmolecule 



92 2 Molecular biol 

• Functions of proteins 
Living things synthesis many different proteins with a wide range of functions. Table 2.7 
illustrates some of these. 

RuBlsCo-globularproteln -enzyme 

lnphotosynthesis.co,isrnmbinedwithanac:ceptormoleru~ 
inthepre'i!'nceofa1opecialenzyme.ribulosebi1phosphate 
carboxylase(Rueiscolors.hort}.Thestroma ofchlDfoplastsare 
packed full of RuBisCo. an enzyme which easily makes up the bu lk 
ofallthepmteininagreenplantlnlac:titisthemostabundant 
enzymeprl'5entinthelivingworkJ.Theacceptormoleculeis 
a5-carbonsugar.ribulo5ebisphosphate(referredtoasRu8P). 
and co, i1 added in a process known as fixation . Two 3C sugar 
molernlesareformed 

Splder sllk - flbrousproteln -structur; I 

Thi1isastrongproteinfibreproducedby1opidersandthesilk 
worm. ltisrnmpo'i!'dofafibrou1proteinincludingfibroin.lti1 
extrurn!da1fluidfroms.pecializedglandsandisusedtoproduce 
s.pider'swebsandeggandccx:oons.Themixturepromptly 
hardeminrnntac:twithair 

Collagen - fibrous protein -structural 

ThisstructuralproteioocrnfSinskio.tendom.cartil.ige.bone. 
teeth. thewall sofbloodvessels.andthe rnrneaoftheeye. The 
rn llageomoleculernnsistsofthreepolypeptidechains .eachin 
theshapeolahelix.Chainsarewoundtogetherasatriplehelix 
lormingastiffcable.1trengthenedbynumerou1hyd10genbonds 
Manyofthesetriplehelixes lf!'sidebys.ide.lormingcollagen 
libres.heldtogetherbyrnvalentcross-linkages.Theendsof 
individualrnllagenmolecuk>sare1taggeredsotherearenoweak 
pointsinrn llagenfibres.givingthewholestructureinoedib~ 
temik>strength 

Insulin -globular protein - hormone 

This hormone i1 a polypeptide produced by the~ cells of the is~ts 
oflangerhansin thepancreas. ltrnnsistsoftwopolypeptide 
chains linkedbydisulfidebridges{Figure2.32).1twa1thefirst 
proteinwhose.imiooacidsequencewasdetermined.Theeffect 
ofinsulininthebloodstreamistopromoteglurnseuptakeby 
cellsandtoinducethelivertosynthesizegtyc:ogen.Today.human 
insulinisobtainedfmmgeneticallyengineeredbacteriaandu'i!'d 
tot1eatdiatJete1 

Rhodopsln -conJug; teproteln - plgment 

This pigment. known as"vi'illalpurple". isalight-'i!'nsitive 
rnnjugatedproteinfoundin therodcell1oftheretinain 
mammals. It is a compound of a protein {opsin). a phospholipid 
andretinal(vitaminA) Theelfectoflightenergyoothi1pigment 
istosplititiotoopsinandretinal 

lmmunoglobullns - globular protein - ; ntlbody 

Thesearetheantibodiesloundinthebkxxlstream - components 
ofourimmuneresponse{ourmaiodefencesooceinvasionof 
thebodybyharmfulmia001ganismsor"forelgn·m.1terialshas 
onurred).Ananbbodyisaglyrnprnte insec retedby apl.isma 
cell.Antibodfl'sbindtospecificantigensthattriggeranimmune 
response.Thisleadstodestruc tionoftheantigens{orofany 
pathogenorothercelltowhichthe.intigensareattached) 
Antibod iesh.iveregiomthatarernmpk>mentarytotheshape 
of the antigen. Someantibodiesareanlitoxinsandpreventthe 
activity of toxins 

13 Deduce which of the proteins listed in Tabfl' 2.7 are fibrous and whidl are globular proteins 

proteins 

• Every individual has a unique proteome 
Most, but not all, organisms assemble their proteins from the same amino acids , but the proteins 
of each individual organism are unique. The proteome is the entire set of proteins expressed 
by the genome of the individual organism. It is because the genome, the whole of the genetic 
information of an organism, is unique to each individual that the proteome it causes to be 
expressed is also unique. 

Proteomics is the study of the structure and function of the entire set of proteins of 
organisms. The word is derh·ed from 'protein' and 'genome', and the study is made possible, 
in part, by the capacity of mOOem computers. Today, the industrial pnxluction of proteins by 
microorganisms (including of genetically mOOified ones), when cultured in fermenters, is a source 
of protein for the food, pharmaceutical, and other industries. 

14 Thepossiblenumberofdifferentpolypeptides. P. th~tcanbeaso;ernbledisgivenby 

P•A" 

Aathenumberofdiffl'fenttypesofamioo~cidsavailable 
n • the oumber of ~mino acid residues io the polypeptide molecule 
Giveo the natur. lly ocrurring pool of 20 diffl'fent amino acid<;. calculate how many different polypeptide5 
arepo1sibleifrnnstf)J(tedfrom5.25and50aminoac:idres.idues.respl'ctively. 
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without an enzyme? 
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2. 5 Enzymes - enzymes control the metabolism ot the cell 

Most chemical reactions do not occur spontaneously (figure 2.33). In a laboratory or in an 
indll'itrial process, chemical reactions may be made to occur by applying high temperatures, 
high pressures, extremes of pH, by maintaining high concentrations of the reacting molecules, 
or by the use of inorganic catalysts. If these drastic conditions were not applied, very little of the 
chemical product would be formed . On the other hand, in cells and organisms, many chemical 
reactions occur simultaneously, at extremely low concentrations, at normal temperatures and 
under the very mild, almost neutral, ~ueous conditions we find in cells 

1 Theruction:hyd,oty;isofsocrrn,,toformglucrn,,andfructose 

%·~.1J=;l1fr 
wate,\; OH HO OH 

2 Randomcollisionpossibilities : 
whensocrrn,,andwatercollKlea\thew,ongangle 

whensocrrn,,ar<!watercollKleatthew,ongspeed 

glucrn,, 

31nthepresenc:eolonemolec:uleoftheen,,,rnesuc:rase(invertase). 
:~"::mately3.0x10'moleclffiof'>UO"osearehydr'*,-sedeach 

These events are what 

~~=,•tmmt,andom 

Undernormalcoodibom 
this happens so very 
;ntrequentfyitisan 
insKjnilicantevent 
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• Flgure2.34 
The enzyme­
substrate complex 

Howisthisbrough1abo111! 
It is the presence of enzymes in cells and organisms that enables these reactions to ocuir at 

incredible speeds, in an orderly manner, yielding products that the organism requires, when they are 
needed Sometimes, reactions happen even though the reacting molecules are present in '"ery low 
concentrations. Enzymes are biological catalysts made of protein. They are truly remarkable molecules. 
By 'catalyst' we mean a substance that speeds up the rate of a chemical reaction. In ~neral, catalysts: 

• are effective in small amounts 

• remain unchanged at the end of the reaction 

• The enzyme act ive site 
In a reaction catalysed by an enzyme, the starting substance is called the substra te, and what it is 
converted to is the prod uct. An enzyme works by binding to the substrate molecule at a specially 
formed pocket in the enzyme. This binding point is called the active site. An acti\"e site is a region 
of an enzyme molecule where the substrate molecule binds. Here, as the enzyme and substrate form 
an enzyme-subst rate complex, the substrate is raised to a transition state. This complex has the 
briefest of existences before the substrate molecule is formed into arother molecule or broken down 
into others, by the catalytic properties of the active site. Then the product(s) are released, together 
with unchanged enzyme (Figure 2.34). The enzyme is available for reuse. 

lheSl'QUl'flCeofstep, toan enzyme---<:atafysedreactk>n 

Enzymes are typically large, globular protein molecules. Most substrate molecules are quite small 
molecules by comparison. Even when the substrate molecules are very large, such as certain 
macromolecules like the polysaccharides, only one bond in the substrate is in contact with the 
enzyme active site. The active site takes up a relatively small part of the total volume of the enzyme. 

Enzyme specificity and the induced-fit model of the active site 
Enzymes are highly specific in their action, which makes them different from most inorganic 
catalysts, such as those used in indll'itry. Enzymes are specific because of the way they bind with 
their substrate at the active site, which is a pocket or crevice in the protein (Figure 2.35). At 
the active site, the arrangement of a few amino acid molecules in the protein (enzyme) matches 
certain groupings on the substrate molecule, enabling the enzyme-substrate complex to form. 
As it forms, it seems a slight change of shape is induced in the enzyme molecule (induced.fit 
hypod1esis, Figure 2.36). It is this change in shape that is important in raising the substrate 
molecule to the transitional state in which it is able to react. 

Meanwhile, other amino acids molecules of the actin~ site bring about the specific catalytic 
reaction mechanism, perhaps breaking particular bonds in the substrate molecule and forming others. 
Oiffeient enzymes have different arrangements of amino acids in their active sites. Consequently, 
eachenz~mecatalyseseitherasinglechemicalreactionoragroupofcloselyrelatedreactions. 
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• Enzymes control metabolism 
There is a huge array of chemical reactions that goes on in cells and organisms. These reactions 
of metabolism can only occur in the presence of specific enzymes. If an enzyme is not present, 
thereactionitcatalysescannotoccur. 

Some enzymes are exported from cells , such as the digestive enzymes (page 251). Enzymes 
like these are parcelled up and secreted, and they work externally. They are called extracellula r 
enzymes. Hcw,ever, very many enzymes remain within cells and work there. These are the 
intracellular enzymes. They are found inside organelles, and in the membranes of organelles, in 
the fluid medium (cytosol) around the organelles and in the plasma membrane. 

Many enzymes are always present in cells and organisms, but some enzymes are produced 
only under particular conditions, at certain stages or when a particular substrate molecule is 
present. By making some enzymes and not others, cells can control what chemical reactions 
happen in the cytoplasm. Later in this chapter we shall see hem protein synthesis (and therefore 
enzyme production) is controlled by the cell nucleus (page 110). 

• Enzymes can be denatured 
The rate of an enzyme-catalysed reaction is sensitive to environmental conditions - many 
factors within cells affect enzymes and, therefore, alter the rate of the reaction being catalysed. 
In extreme cases, proteins, including enzymes, may become denatured. Dena tu ration is a 
structural change in a protein that alters its three-dimensional shape. Many of the properties 
of proteins depend on the three-dimensional shape of the molecule. This is true of enzymes, 
which are large, globular proteins where a small part of the surface is an active site. Here, the 
precise chemical structure and physical configuration are critical, but provided the active site is 
unchanged, substrate molecules can attach and reactions can be catalysed. 

Denaturation occurs when the bonds within the globular protein, formed between different 
amino acid residues, break, changing the shape of the active site. 

How denaturation is brought about 
Temperature rises and changes in pH of the medium may ca\l'ie denaturation of the protein 
of enzymes. Exix,sure to heat causes atoms to vibrate violently and this disrupts bonds within 

_____ globular proteins. Protein molecules change chemical characteristics. We see this most 
1 5 E11.plaln why dramatically when a hen's egg is cooked. The translucent egg 'white' is a globular protein called 

the s.h ape of albumen, which becomes irreversibly opaque and insoluble. Heat has triggered irreversible 
gklbular proteins denaturationofthisglobularprotein. 

[
1
~!~ert: ~~yi~

1 
Small changes in pH of the medium similarly alter the shape of globular proteins. 

enzyme acticm The suucture of an enzyme may spontaneously reform when the optimum pH is restored, 
----- butexposuretostrongacidsoralkalis isusuallyfoundtoirreversiblydenatureenzymes. 

~ • Factors affecting the rate of enzyme-catalysed reactions 

~

flffllllffllli·lll·llf:IIHIIH:lllHIS Experi mental desig n 
Accurate, quantitative measurements in enzyme experiments require replicates to ensure reliability. 

It was investigation of the effect of change in factors such as temperature, pH and 
concentration of substrate that particularly helped our understanding of how enzymes work. 

The issue of how to design these and similar experiments is the focus of Apprndix 2: 
'Invcnigarioni, daia handling and s1aiisrics ' on the accompanying website. It includes an 
introduction to \11.riables' in experiment design 

You should consul! ii now - 1/ie fn"ocess is illustm1ed by reference w tM ne.tt experiment. 

Investigating the effects of temperature 
faamine 1/w invcsrigarion of !he effecti of temperamr,, on !he hydrolysis of sum:h lry !he en:cyme 
amylase, sh.oun in Figure 2.37. When starch is hydrolysed by the enzyme amylase, the prOOuct 
is maltose, a disaccharide (page 81). Starch gives a blue- black colour when mixed with iOOine 
solution (iOOine in ix,tassium iodide solution), bu t maltose gh·es a red colour. The first step in 
this experiment is to bring samples of the enzyme and the substrate (the starch solution) to the 
temperature of the water bath before being mixed - a step called pre-incubation. 



• Flgure2.37The 
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The progress of the hydrolysis reaction is then followed by taking samples of a drop of the 
mixture on the end of the glass rod, at half-minute intervals. These are tested with icxline 
solution on a white tile. Initially, a strong blue-black colour is seen, confirming the presence of 
starch. later, as maltose accumulates, a red colour predominates. The endpoint of the reaction 
is indicated when all the starch colour has disappeared from the test spot. Using fresh reaction 
mixture each time, the investigation is repeated at a series of different temperatures, say at 
10, 20, JO, 40, 50 and 60°C. The time taken for complete hydrolysis at each temperature is 
recorded and the rate of hydrolysis in unit time is plotted on a graph. 

A characteristic curve is the result (Figure 2.38) - although the optimum temperature varies 
from reaction to reaction and with different enzymes. 
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As temperature is increased, molecules have increased active energy and reactions between 
them go faster. The molecules are moving more rapidly and are more likely to collide and react. 
In chemical reactions, for every IO"C rise in temperature the rate of the reaction approximately 

-,.- ,o- ,-fod-ies- , -, -- doubles. This property is known as the temperature coefficient (Qio) of a chemical reaction. 
the effect of However, in enzyme-catalysed reactions the effect of temperature is more complex, because 
temperature oo proteins are denatured by heat. The rate of denaturation increases at higher temperatures , too. 
l'flzyme-catalysed So, as the temperature rises, the amount of active enzyme progressively decreases and the rate 

;;:~:ffi:eest ~p::~-
0
~:i~~:u~::;h::::~e~:;~;;:~t on enzyme-catal~ reactions, there is an 

Not all enzymes have the same optimum temperature. For example, the bacteria in hot 
pre-inrnbated thermal springs have enzymes with optima between 80°C and 100°C or higher, whereas 
to a partirnlar seaweeds of northern seas and the plants of the tundra have optima closer to 0°C. Humans have 

- ~_.:,_":'_r:
1

_~:_.~_'"_" _ :;r;t:i ~~~h~:~r:~;:~a~:i; ~~:;}i:!~:::~::· J~~::;t_~;~ ;!;;~;~ is often 
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pH effect on enzyme 

shape and activity 

pH 
Change in pH can have a dramatic effect on the rate of an enzyme-catalysed reaction (Figure Z.39). 
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Each enzyme has a limited range of pH at which it functions efficiently. This is often at or close 
to the neutrality !X)int (pH 7.0). This effect of pH occurs because the structure of a protein (and, 
therefore, the shape of the acti"e site) is maintained by various; bonds within the three-dimensional 
structure of the protein. A change in pH from the optimum value alters the bonding patterns, 
progressively changing the shape of the molecule. The acti\'e site may be quickly rendered inactive. 
However, unlike the effects of temperature changes, the effects of pH on the active site are rormally 

----- reversible - provided, that is, the change in surrounding acidity or alkalinity is not tcoextreme. As 
17 ~ :~~~1 ~0~~:/ the pH reverts to the optimum for the emyme, the active site may reappear. 

is and why such Some of the digestive enzymes of the gut ha\'e different optimum pH values from the majority 
solutiom ~re often of other enzymes. For example, those adapted to operate in the stomach, where there is a high 
used in e/\Zyme concentration of acid during digestion, have an optimum pH which is close to pH 2.0 (Figure 2.39) 
experiments 

-~--- Substrate concentration 

• Flgure2.40 
Liver tissue In 
dilute hydrogen 
peroxide solution, 

The effect of different concentrations of substrate on the rate of an enzyme-catalysed reaction 
can be shown using an enzyme called catalase. This enzyme catalyses the breakdown of 
hydrogen peroxide: 

2HPi-- 2H zO+Oi 

Cata lase occurs very widely in living thing;; it functions as a protective mechanism for the delicate 
biochemical machinery of cells. This is because hydrogen peroxide is a common by,prOOuct of 
reactions of metabolism, but it is also a very toxic substance (since it is a very p:,werful oxidizing 
agent , page 348). Cata lase inactivates hydrogen peroxide as it !orms, before damage can occur. 

You can demonstrate the presence of catalase in fresh liver tissue by dropping a small piece into 
dilute h\Urogen peroxide solution (Figure 2.40). Compare ihe result obuuned U-iih ihar from a similar 
piece of liler Ulllr hru been boiWd in wa1er (m: haw seen Ihm high tempermure dena1urei en:cymes). 
If )OU do not wish to use animal tissues, )OU can use p:,tato or soaked and crushed dried peas 
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• Flgure2.41 

Me.asurlng therateof 

react lonuslngcatalase 

When measuring the rate of emyme-catalysed reactions, we measure the amount of substrate 
that has disappeared from a reaction mixture or the amount of product that has accumulated in 
a unit of time. For example, in Figure 2.38 (page 97) it is the rate at which the substrate starch 
disappears from a reaction mixture that is measured. 

Working with catalase, it is con\"enient to measure the rate at which the product (oxygen) 
accumulates - the volume of oxygen that has accumulated at 30-second intervals is recorded 
(Figure2.41). 

O•,er a period of time, the initial rate of reaction is not maintained, but falls off quite 
sharply. This is typical of enzyme actions stlKlied outside their location in the cell. The fall-off 
can be due to a number of reasons, but most commonly it is because the concentration of the 
substrate in the reaction mixture has fallen. Consequently, it is the initial rate of reaction that is 
measured. This is the slope of the tangent to the curYe in the initial stage of reaction 
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The effect of substrate 
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To investigate the effects of substrate concentration on the rate of an enzyme-catalysed reaction, 
the experiment shown in Figure 2.41 is repeated at different concentrations of substrate, and the 
initial rate of reaction is plotted in each case. Other nuiables, such as temperature and enzyme 
concentration,arekeptconstant 

Whentheinitialratesofreactionareplottedagainstthesubstrateconcentration,the 
curve shows two phases. At lower concentrations, the rate increases in direct proportion to the 
substrate concentration - but at higher substrate concentrations, the rate of reaction becomes 
constant, and shows no increase 

Now we can see that the enzyme catalase works by forming a short-lived enzyme- substrate 
complex. At a km concentration of substrate, all molecules can find an active site without delay. 
Effectively, there is an excess of enzyme present. Here the rate of reaction is set by how much 
substrate is present - as more substrate is made available, the rate of reaction increases. 

However, at higher substrate concentrations, there comes a !X)int when there is more 
substrate than enzyme. Now, in effect, substrate molecules have to 'queue up' for access to an 
acth·e site. Adding more substrate merely increases the number of molecules awaiting contact 
with an enzyme molecule, so there is now no increase in the rate of reaction (Figure 2.42). 

11 lndesigningtheexperimentillustratedinFigure2.41. ldentlfy 
a thernntrnlledvariabJes 
b theindependentvariable 
c thedepelldentvariable 
d onel ikl'lypotentialsourceoferrorw!len theexperimenti1G1rfiedout 
• Explaln how suc:hanermrisdetected andcanbeavoided. inthisexperiment 

19 Wh1.'11thefl'i1anexce11ofsubstratepre1entinanenzyme-G1taly~re.Klion. explaln theelfectoothe 
rateolre..c:tiooof inoea1ingthernfl(entrationof 
a thesubstrate 
b thel.'nzyme 
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procH sedfood 
lndustr1 u .... amylose 

• Enzymes and a link w ith homeostasis 
The requirements of enzymes for specific conditions - for example, of temperature and pH -
have led to the need to control the internal environment of the body, a phenomenon known as 
homeostasis(pageZ97). 

• Industrial uses of enzymes 
Catalysts are important components of many industrial proces.ses, and today it is often the case 
that enzymes are used (Figure 2.43). Their use is widespread because they are 

• highly specific, catalysing changes in one particular compound or one type of bond 

• efficient, in that a tiny quantity ci enzyme catalyses the production of a large quantity of product 

• effective at normal temperatures and pressures, and so a limited input of energy (as heat and 
highpressure)mayberequired 

Many industrial enzymes are obtained from microorganisms (mainly bacteria and fungi) because 
these organisms 

• may be grown economically in fermenters throughout the year, rather than being limited to a 
short growing season 

• tend to grow quickly and produce large quantities of enzymes relative to cell mass 

• may be bacteria from extreme environments (extremophiles, page 117), and therefore have 
enzymes adapted to function under abnormal conditions of pH or temperature, fo r example, 
many enzymes used in biologica l washing powders 

• may be mOOified genetically with comparative ease, as in the case of the prOOuction of 
humaninsulin(page 168). 
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Immobilization of enzymes for industrial use 
Enzymes may be used in industrial processes as cell-free preparations that are added to a 
reaction mixture, or they may be immobilized and the reactants passed over them. Enzyme 
immobilization involves the attachment of enzymes to insoluble materials which then provide 
support. For example, the enzyme may be entrapped between inert fibres o r it may be covalently 
bonded to a matrix. In both cases, the enzyme molecules are prevented from being leached away. 
The advantages of using an immobilized enzyme in industrial productions are 

• it permits reuse of the enzyme preparation 

• the product is enzyme free 

• the enzyme may be much more stable and long fasting, due to protection by the inert matrix. 

Lactose-free milk - an example of industrial use of enzymes 
People who are unable to produce bctase in their pancreatic juice o r on the surface of the villi 
of the small intestine (page 252) fail to digest milk sugar. In these people, the lactose passes on to 
their large intestine without being hydrolysed to its constituent monosaccharides (page 78) 
fuaresult , bacteria in the large intestine feed on the lactose, producing fatty acids and 
methane, causing diarrhoea and flatulence. Such people are said to be lactose intolerant 

The enzyme lactase is produced in the gut of all human babies while they are dependent on 
milk. However, it is only found in adults from Northern Europe (and their descendants, wherever 
they now lh·e) and from a few African peoples. On the other hand, people from the Orient, 
Arabia and India , most African people and those from the Mediterranean typically produce 
little or no lactase as adults. Such people may be prescribed lactose-free milk; this product can 
be produced by the application of enzyme technology, using lactase obtained from bacteria 
Today, lactose-free milk is obtained by passing milk through a column containing immobilized 
lactase. The enzyme is obtained from bacteria, purified, and enclosed in capsules (Figure 2.44). 

ITTlkinput Jl'l<teu"izatioo 
,ocos 

TOK Link 
Thel.ictose-freemilkavail.ibleinmanydeveklpedrnuntrieswouldbee5pedallybeneficialifitwereavailable 
to other rnmmunitie1. Coosider this i1sue by reference to a {ountry where lactose intoleraoce is more 
prevalent. What so lutklm to the underlying problems are practkall 

Immobilized enzyme - a laboratory demonstration 
lnvertase can be immobilized in alginate beads and their effectiveness in hydrolysing sucrose 
solution investigated (Figure 2.45). The steps to this demonstration are 
I A solution of sodium alginate (a polysaccharide obtained from the walls of brown algae, 

capable of holding 200 times its own mass in water) is prepared by dispersing 2 g of the 
alginate in 100cm3 of distilled water at a temperature of 40°C. 

2 An alginate-enzyme solution is prepared by stirring 2cm1 of invertase concentrate into 
40cm1 of the cooled alginate solution. (Remember, invertase catalyses the hydrolysis of 
sucrose [a disaccharide] to t...u monosaccharide molecules [glucose and fructose] from which 
itisformedinacondensationreaction.) 
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3 Immobilized enzyme pellets are produced by filling a syringe with the alginate-invertase 
solution and arranging for it to drip into a beaker of calcium chloride solution (100cm] of 
CaClz, 0.1 mol dm-J). The insoluble pellets that form may be separated with a nylon or plastic 
sieve. They should be washed with distilled water at this stage, and allowed to harden 

4 These hardened pellets may be tested by placing them in a tube with a narrow nozzle at the 
base(thebarrelofalarge, plasticsyringeissuitable). Aquantityofsucrosesolution(30cm]of 
5% sucrose w/v) may be slowly poured down the column of pellets and the effluent collected. 

----- 5 The effluent solution is tested for the presence of glucose ll'ling a dipstick such as C\inistix™ 

·catalyst". Llst 
twodiffeteOCl'S 
tJetweeninorganic 
catafy1t1and 

(FigureZ.46) 

The questions to consider when planning and evaluating this experiment include the following 
• How effective was the immobilized enzyme! 
• How many times can it be used/ 

----- • Is there any way of recovering the enzyme and reusing it, ifit were not in pellet form! 
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• Rgure 2.45 Laboratory demonstration of enzyme lmmoblllzatlon 

• Rgure2.46 

Measurement 

ofglU(05eUSlng 

The C\inistix strip contains two immobilized enzymes, glucose oxidase and peroxidase, together 
with a colourless hydrogen donor compound called chromogen (DH z). 

When the strip is dir1Jed into the sample to be tested, if glucose is present it is oxidized to 
gluconicacidandhydrogenperoxide. 

The second enzyme catalyses the reduction of hydrogen peroxide and the oxidation of 
chromogen (represented as Din Figure 2.46). The products are water and the oxidized dye, 
which is coloured. 

The more glucose present in the sample, the more coloured d~·e is formed. The colour of the 
test strip is then compared to the printed scale to indicate the amount of glucose present 
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2.6 Structure of DNA and RNA -the,t,uctu~ofDNA,llo= 
efficient storage of genetic information 

Nucleic acids are the information molecules of cells found throughout the living 'M>rid 
This is because the code containing the information in nucleic acids, known as the genetic 
code, is a universal one. That means that it makes sense in all organisms. It is not specific to a 
feworganismsortojustonegroup,suchasbacteria 

There are two types of nucleic acid found in living cells: deoxyribonucleic acid (DNA) 
and ribonucleic acid (RNA). DNA is the genetic material and occurs in the chromosomes of 
the nucleus. While some RNA also occurs in the nucleus, most is found in the cytoplasm -
particularly in the ribosomes. Both DNA and RNA have roles in the day-to-day control of cells 
and organisms, as we shall shortly see. First, we will look into the structure of nucleotides and 
the way they are built up to form the unique DNA double helix 

• Nucleotides 
A nucleotide consists of three substances combined together. These are: 

• a nitrogenous base - the four bases of DNA are cytosine (C), guanine (G), adenine (A) and 
thymine(T) 

• a pentose sugar - deoxyribose occurs in DNA and ribose in RNA 

• phosphoricacid. 

These components are combined by condensation reaction to form a nucleotide with the 

-,,-D-,.-.,.-,,-,.h-- ~~~:~~~;~ts\\~f :~~=1
:e

0
:a::\:~~~ei~n6~~ ~!er~':; ::~::n~ ~~:~::~:! four 

between~ together is shown in figure 2.47, together with the diagrammatic way the components are 
nitrogenous base represented to illustrate their spatial arrangement. Simple shapes are used rather than complex 

~nno~~~tsern:~~;. ::;~~:~::~~:;:~:;m!~s are all that are required here. (You nl'ed ro ~ able ro dmw 

• Fl g ure2.47 
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• Rgure2.48 
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Nucleotides become nucleic acid 
Nucleotides may condense together, one nucleotide at a time, to form huge molecules called nucleic 
acids or polynucleotides (Figure 2.48). So, nucleic acids are very long, thread-like macromolecules 
with alternating sugar and phosphate molecules forming the 'backbone'. This part of the nucleic 
acid molecule is uniform and unvarying. However, also attached to each of the sugar molecules 
along the strand is one of the bases, and these project sidewa~,. Since the bases niry, they represent 
a unique sequence that carries the coded information held by the nucleic acid 

• The DNA double helix 
The DNA molecule consists of two antiparallel polynucleotide strands, paired together, and held 
by hydrogen bonds. The two strands take the shape of a double helix (Figure 2.49). 
The pairing of bases is between adenine (A) and thymine (T), and between cytosine (C) and 
guanine (G), simply because these are the only combinations that fit together along the helix. 
This pairing, known as complementary base pairing, also makes possible the very precise way 
that DNA is copied in a process ca\1ed replication. The existence of the DNA double helix was 
discovered, and the way DNA holds information was suggested, by Francis Crick and James 
Watson in 1953 - they received a Nobel Prize for this work (Figure 2.50). They had shown that 
the structure of DNA allows efficient storage of genetic information. 

• Introducing RNA 
RNA molecules are relatively short in length, compared with DNA. In fact, RNAs tend 
to be from a hundred to thousands of nucleotides long, depending on their particular role 
The RNA molecule is a single strand of polynucleotide in which the sugar is ribose. The bases 
found in RNA are cytosine, guanine, adenine and uracil (which replaces thymine of DNA). 
There are three functional types ofRNA: messenger RNA (mRNA), transfer RNA (tRNA) 
and ribosomal RNA (Table 2.8). While mRNA is formed in the nucleus and passes out to 
ribosomes in the cytoplasm, tRNA and ribosomal RNA occur only in the cytoplasm 
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Jll!ll!IIIIIII Using models as representations of t he real world 

FrancisCrick(1916- 2004)andJamesWauon(1928-)laidthefoundationsofa 
new brar.ch ol biology - cd biology - and a.chieved this wMe still )'OUng men 
WithintwoyearsoftheirmeetingintheCavend;shLaboratory,Cambfidge(1951), 
;~~\~~<00hadachievedtheirunderstarrlngolthenalull'olthegenein 

Cric:kandWat<00brooghttogethe,theexperimentalrl'SlJltsofmanyotherworker,, 
andlrnmthisevidencetheydeducedthe likelystructureoftheONAmolec,Jje 

• Edwin Chergaff measured the exact amount of the four organic bases in samJ)les 
olDNA,andfoundtheratioofA:TandofCGwa,atwaysdoseto1 

Chergaff'sresultssuggestconsistentbasepairinginONAfromdifferent 
organ·,m,. 

Adenine;Thymine 

• RosalindFranklinandMauriceWilkinsprndocedX·raydiffraction 
patterns by bombard;ng crystalline DNA with X·rays 

Wat<00andCrickconcludedthatONAi,adou~ehelixconsistingof 
• twopolynudeotide,trandsw;thnitrogenou,basessta.ckedonthe 

inside of the helix ~ike rung, on a twisted ladder) 
•pa,allel strandsareheldtogethe,byhydrogenbondsbetweenthe 

pa;,edbases(A- T,C- G) 
•tenbasepairsocc,.pe,tumolthehel;x 
• thetwostrandsoftheOO\lb!ehelixareantiparalle! 

;;;:O~~tt;,._,~~;:" Fi gull' 2.49 (page 107) for a simplrtied model of 
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model of ONA 

• Flgure2.50ThedlscoveryoftheroleofDNA 
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TOK Link 
CrickandWatsonhadadi'ilinctivemethodofworking,iJ1Cludingreinterpretingalreadypublisheddata 
anddevelopingothers'studies,leadingtothebuildingofmo<lels{Figurel.50). Towhatextentwe,ethek 
achievemmtsthePfo<luctofbothcooperatKll\andrnmpetition71nrl'Searrhingthis,lhe!,!'ll'SOUrce1areu!,('ful 

1 CrkkandWatson·soriginal,short'lette(toNatUfe,publishedlSApril 1953,if )'Ourschoolorrnllege 
canmakearnpyavailablefor)'Ou. Foraorie-offfee,thepapercanbeobtainedfrnm 
www.nature.cornlnaturelarl'./lffi! 

1 Theirownacrnuntsin 
James D. Watson (1%5), The Double Helix, Weidenfeld & Nicolson 
francisCrick{19B8),WhatMadPursviti,Pengu in 

:I ThecontributionofR01alindfranklin (figure2 .50) 
BrendaM..ddox{2003), TheDatf<LadyofDNA, HarperCol lim 

2.7 DNA replication, transcription and 
tr ans lat j On - genetic information in DNA can be accurately copied and can be 
translated to make the proteins needed by the eel/ 

• Replication - how DNA copies itself 
A copy of each chromosome must pass into daughter cells formed by cell division, so the 
chromosomes must first be copied (replicated ). Remember, this process wkei place in the imerpha.se 
nucleus,W<'llbefoTl'theewmsofnucleardil'ision(page52). 
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The first step in replication is the 'unzipping' of the two strands. An enzyme called helicase 
unwinds the DNA double helix at one region, breaks the hydrogen bonds there that hold the 
strands together and then temporarily keeps the strands of the helix separated. The unpaired 
nucleotides are now exposed, surrounded by a pool of free-floating nucleotides. In the next 
step, both strands of DNA act as templates in replication. Complementary nucleotides line up 
opposite each base of the exposed strands - adenine pairs with thymine, cytosine with guanine 
H\Urogen bonds then form between the complementary bases, holding them in place. 

Finally, a condensation reaction links the sugar and phosphate groups of adjacent nucleotides, 
so forming the new strands. This reaction is catalysed by an enzyme called DNA polymerase. 
The enzyme has a 'proof-reading' role in replication, t(X) - any mistakes that start to happen (such 
as the wrong bases attempting to pair up) are corrected. The result is that the two strands lormed 
are identical to the original strands. DNA replication is summarized in Figure 2.51 

ReplicationsitesopenatpoW1ts 
alongtheONAdoublehelix 

• Fl gure2.51 DNArepllcaUon 

• Fl gure2.52 

versusconservauve 

rep II cation 

Finally, each new pair ci strands reforms as a double helix. One strand of each double helix has come 
from the original chromosome and one is a newly synthesized strand. This arra~ent is known as 
semi,conservativereplicatk>nbecausehalftheoriginalmoleculestaysthesame(Figure2.52) 
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Jll!ll!IIIIIII Obtain ing evidence for scientific theories 

• The evidence for semi-conservative DNA replication 
Experimental evidence that DNA replication is semi·consen"ative came from an experiment by 
Meselson and Stahl. In the first step, they grew a culture of the bacterium E. coli (page 28) in a 
medium (food source) where the available nitrogen contained only the heavy nitrogen isotope, 
15N. Consequently, the DNA of the bacterium became entirely 'heavy'. 

These bacteria were then transferred to a medium of the normal (light) isotope, HN. 
New DNA manufactured by the cells was now made of l-lN. The change in concentration 
of 15N and 1-IN in the DNA of succeeding generations was measured. Interestingly, the 
bacterial cell divisions in a culture of E. co/i are naturally synchronized; every 60 minutes 
they all divide. 

The DNA was extracted from samples of the bacteria from each succeeding generation 
and the DNA in each sample was separated. This was done by placing the sample on top of 
a salt solution of increasing density, in a centrifuge tube. On being centrifuged, the different 
DNA molecules were carried down to the level where the salt solution was of the same 
density. Thus, DNA with 'heavy' nitrogen ended up nearer the base of the tubes, whereas 
DNA with 'light' nitrogen stayed near the top of the tubes. Figure 2.53 shows the results that 
were obtained. 

22 Predict the experimental re1ult1 you would exp{'(! to ,;ee if the Me,;el,;oo-Stahl experiment (Figure 2.53) 
wascarrifflooforthreegeneratiom 
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• Prote in synthes is 
We ha,-e seen that proteins are linear series of amino acids condensed together. Most proteins 
contain several hundred amino acid residues, but all are built from only 20 different amino acids. 

The unique properties of a protein lie in: 

• which amino acids are involved in its construction 

• the sequence in which these amino acids are condensed together. The sequence of bases in 
DNA dictates the order in which specific amino acids are assembled and combined together. 

The DNA molecule in each chromosome is very long, and it codes for a large number of 
proteins. Within this molecule, the relatively short lengths of DNA that code for single 
proteins are called genes. Proteinsareveryvariableinsizeand,therefore,soaregenes.A very 
few genes are as short as 75- 100 nucleotides. Most are at least 1000 nucleotides long, and some 
are considerably more. 

All proteins are formed in the cytoplasm, some at free-floating ribosomes, and others at the 
ribosomes on RER. For this to ha!l)en, a mobile copy of the information in the genes has to be 
made, and then transported to these sites of protein synthesis. That copy is made ofRNA and is 
called messenger RNA (mRNA). It is formed by a process called transcription. So both DNA 
and RNA have roles in protein synthesis. 

Transcription - the first step in protein synthesis 
It is an enzyme called RNA polymerase that catalyses the formation of a complementary copy 
of the genetic code of a gene. This copy takes the form of a molecule of mRNA (Figure 2.54). 

In Stage I of protein synthesis, the DNA double helix of a particular gene unwinds and 
hydrogen bonds between the complementary strands of DNA are broken. Inevitably, there is a 
i:ooloffreenucleotidespresent. 

Then, one strand of the DNA, the coding strand, becomes the template for transcription 
A single-stranded molecule of RNA is formed by complementary base pairing. Remember, 
in RNA synthesis, it is uracil which pairs with adenine. Then that mRNA strand leaves the 
nucleus through pores in the nuclear membrane and passes to ribosomes in the cytoplasm. Here, 
the information can be 'read' aOO used in the synthesis of a protein. 

The gen etic code 

Information in the DNA lies in the sequence of the bases, cytosine (C), guanine (G), adenine (A) 
aOO thymine (T). This sequence dictates the order in which specific amino acids are assembled 
aOO combined together. The code lies in the sequence in 011.e of the strands, the coding strand 
The other strand is complementary to it. The coding straOO is always read in the same direction. 

The code is a three-letter or triplet code, meaning that each sequence of three of the four bases 
stands for one of the 20 amino acids, and is called a codon. With a four-letter alphabet (C, G, A, n 
thereare64 IXJSSibledifferent triplet combinations (4 x 4 x 4). lnother 'M>Tds, the genetic code has 
many more codons than there are amino acids to be coded. In fact, most amino acids have t\1-U or 
three similar codons that code for them (Figure 2.55). However, some of the cOOons have different 
roles. Some represent the 'punctuations' of the code; for example, there are 'start' and 'stop' triplets. 
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• Rgure2.54 
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In Stage 2 of protein synthesis, the amino acids of the (XX}l available for protein synthesis are 
activated by combining with short lengths of a different sort of RN A, transfer RNA (tRNA). It is 
this tRNA that translates a three-base sequence into an amino acid sequence. How does mis occur? 

All the tRNAs have a cloverleaf shape, but there is a different tRNA for each of the 
20 amino acids invo]yed in protein synthesis. At one end of each tRNA molecule is a site 
where one particular amino acid of the 20 can be joined. At the other end, there is a sequence 
of three b:i.ses called an anticodon. This anticodon is complementary to the codon of mRNA 
that codes for the specific amino acid (Figure 2.56). 

The amino acid becomes attached to its tRNA by an enzyme in a reaction that also requires 
ATP. These enzymes are specific to the particular amino acids (and types of tRNA) to be used 
in protein synthesis. The specificity of the enzymes is a way of ensuring the correct amino acids 
areusedintherightsequence. 

Translation - the last step in protein synthesis 
In Stage 3, the final stage, a protein chain is assembled, one amino acid residue at a 
time, in tiny organelles called ribosomes. A ribosome moves along the messenger RNA 
'reading' the codons from the 'start' codon. In the ribosome, for each mRNA codon, 
the complementary anticodon of the tRNA- amino acid complex slots into place and is 
temporarily held in position by hydrogen bonds. While held there, the amino acids of 
neighbouring tRNA- amino acid complexes are joined by a peptide linkage. This frees 
the first tRNA which moves back into the cytoplasm for reuse. Once this is done, the 
ribosome moves on to the next mRNA codon. The process continues until a ribosome 
meets a 'stop' codon (Figures 2.57 and2.58). 
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AGA Se, 
AGG Ser 
AGT Ser 
AGCSe, 
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GGGPro 
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• Int rod ucing gene technology 
Gene technology is an important, practical application of mOOem genetics - one outcome 
of the discovery of the structure and role of DNA. For example, the human genes for insu Jin 
production have been isolated and transferred to a strain of the bacterium Escherichia co!i. By 
culturing these genetically mcx:lified microorganisms, regular supplies of human insulin have 
been obtained to treat insulin·dependent diabetes patients (page 167). The universality of the 
genetic code makes this possible. Genes can be transferred between species and result in the 
same protein being formed. 
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• Rgure 2. 57 Tramlatlon 
Sometimes only a very small sample of DNA is available to the genetic engineer. The 
discovery of the polymerase chain reaction (PCR) has permitted fragments of DNA to be 
copied repeatedly, faithfully and speedily, in a process that has been fully automated. A 
heat-tolerant DNA polymerase enzyme, obtained from a extremophile bacterium, is used 
(pages 166- 167) 

Thest' developments in gene technology are discussed in Chapter 3 (page 164). 

24 The1equenceofba1esin a sampleolmRNAwa1foondtobe 
GGU.AAU.CCU.UUU.GUU.ACU.CAU.UGU 

~ Ded uce thesequenceofaminoa.c:idsthiscodes for. 
b Determine the seq uence of bases in the coding strand of DNA frnm whidl this mRNA was tram{ribed 
c Within a cell. state wherethetfipletcodes.codomal\dantirndomarefound 
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UUUPhe ucu Ser UAU Tyr UGUCys 
uuc Phe uccs...r UAC T)'f UGCCys 
UUALeu ,AA "°" UGASrop 

UAG Srop UGGTfll 

cuu Leu CCUPm CAU His CGUArg 
CUC Leu CCC Pm CAC His CGC Arg 
CUALeu CGAArg 
CUG Leu CGG Arg 

ACU Thr 
AUC he ACC H,r AAC Asn AGC Se, 
AUA IH' ACATh, AAA Ly, AGA Arg 

AAG Ly, AGG Arg 

GCUAia GAU Asp GGU Gly 
GUC Val GCCAia g~ ~::; GGC Gly 
GUAVal GCA Aia GGA Gly 

GAG Giu GGG Gly 

2.8 Cell respiration -cell respirationsuppliesenergyforthe 
functions of life 

Living things require energy to build and repair body structures and to maintain all the activities of 
life, such as movement, repnx:luction, nutrition, excretion and sensitivity. Energy is also required fur 
protein synthesis, and for the acti\"e transport of molecules and ions across membranes by membrane 
pumps. Energy is transferred in cells by the breakdown of nutrients, principally of carbohydrates 
like glucose. The process by which energy is made m'tlilable from nutrients in cells is called cell 
respiration. Cell respiration is the controlled release of energy from organic compounds in cells. 

• The ca lorimeter 
We can measure the total amount of energy that can be released from the nutrient glucose 
by means of a simple calorimeter (Figure 2.59). Here, a known amount of glucose is placed 
in the crucible in a dosed environment and burnt in oxygeIL The energy, released as heat, 
is transferred to the surrounding jacket of water and the rise in temperature of the water is 
measured. Then the energy value of the glucose sample may be calculated, based on the fact that 
it takes 4.Z joules (J) of heat energy to raise I g of water by 1°C. One well-known outcome of this 
technique is the energy value labelling of manufactured foods on packaging - and the publicity 
that 'low-calorie' items may receive in slimming diets. 

People sometimes talk about 'burning up food' in respiration. In fact, likening respiration to 

combustion is unhelpful. In combustion, energy in fuel is released in a one-step reaction, as heat 
(Figure Z.60). Such a violent change would be disastrous for body tissues. In cellular respiration, 
a large number of small steps occur, each catalysed by a specific enzyme. Energy in respiration 
is transferred in small quantities - much of the energy is made available to the cells and may be 
temporarily trapped in the energy currency molecule adenosine triphosphate (ATP). However, 
some energy is still lost as heat in each step - we notice how warm we become with strenuous 
physical activity! 

• ATP - the universa l energy currency 
Energy that is made a,"ailable within the cytoplasm is transferred to a molecule called adenosine 
triphosphate (ATP). ATP is referred to as energy currency because, like money, it can be used 
in different contexts, and it is constantly rec~led. 

ATP is a nucleotide (page 105) with an unusual feature. It carries three phosphate groups 
linked together in a linear sequence (Figure Z.61). ATP may lose both of the outer phosphate 
groups, but usually only one at a time is lost. ATP is a relatively small, soluble organic molecule. 
lt occursincellsataconcentrationof0.5- Z.Smgcm-3. 
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Like many organic molecules of its size, ATP contains a good deal of chemical energy locked 
up in its structure. What makes ATP special as a reservoir of chemical energy is its role as a 
common intermediate between energy-yielding reactions and energy-requiring reactions and 
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adenmketriphosphateATP 

ade00<ifl!'diphosphateADP 

iK!enminemooophosphateAMP 

proces.ses. Energy.yielding reactions include many of the individual steps in respiration. Energy, 
requiring reactions include the synthesis of cellulose from glucose, the synthesis of proteins from 
amino acids , and the contraction of muscle fibres 

In summar y, ATP is a molecule universal to all living things; it is the source of energy for 
chemical change in cells, tissues and organisms. So ATP is: 

• a substance that moves easily within cells and organisms - by facilitated diffusion 

• a very reactive molecule, able to take part in many steps of cellular respiration and in many 
reactions of metabolism 

• an immediate source of energy, able to deliver energy in relatively small amounts, sufficient 
todrh·eindividualreactions. 

• The ATP- ADP cycle and metabolism 
In cells , ATP is formed from adenosine diphosphate (ADP) and phosphate ion (Pi) ll'iing energy 
from respiration (Figure Z.62). Then, in the presence of enzymes, ATP participates in energy. 
requiring reactions. The free energy a~-ailable in ATP is approximately 30- 34 x 109kJ mol-1. 

Some of this energy is la,t as heat in a reaction, but much free energy is made arnilable to do 
useful work, more than sufficient to drive a typical energy.requiring reaction of metabolism 
(FigureZ.7,page67) 

Sometimes ATP reacts with water (a hydrolysis reaction) and is converted to ADP and Pi" 
For example, direct hydrolysis of the terminal phosphate group happens in muscle contraction. 

Mostly, ATP reacts with other metabolites and forms phosphorylated intermediates, making 
them more reactive in the process. The phosphate groups are released later, so both ADP and P1 
become available for reuse as metabolism continues. 

ATP _tlh,rmed during sugar + oxygen caobondioxode -- ~ ··"· 
ADP+P; -· ATP 

melabok,eactioosandmetabolicprocesses 
drive11byene19YlranslerredlromATP.e.g 
• movementofmaterialsac:mss ce!lmemb<anes 

• ~ Kl~%,mobio~::uding macrrnoolecu1es 

· =~tsroosdecootrac:tioo. andother 
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The steps of cellular respiration 
In the first steps of cellular respiration, the glucose molecule (a 6-carbon sugar) is split into two 
3-carbon molecules. Then the products are converted to an organic acid called pyruvic acid (also 
a 3-carbon comp:mnd). Under conditions in the cytoplasm, organic acids are weakly ionized and, 
therefore,pyruvicacidexistsasthepyr uvateion. 

Obviously, two molecules of pyrm11te are formed from each molecule of glucose. In addition, 
there is a small amount of ATP formed, using a little of the energy that had been locked 
up in the glucose molecule. No molecular oxygen is required for these first steps of cellular 
respirntion 

Because glucose has been split into smaller molecules, these steps are known as glycolysis. 
The enzymes that catalyse these reactions are found in the cell cytoplasm generally, but not 
inside an organelle. Throughout cellular respiration, a series of oxidation- reduction reactions 
occur. (Oxidation and reduction are explained on page 352.) 

In summary: 

glucose ~mymc,slnthecytoplami. pyruvate-+ small amount of ATP 

• Aerobi c and anaerobic ce llular respiration 
While no oxygen is required for the formation of pyruvate by cells in the early steps of cellular 
respiration, most animals and plants and very many microorganisms do require oxygen for cell 
respiration, intotal.Wesaythattheyrespireaerobically. 

In aerobic cellular respiration, sugar is completely oxidized to carbon dioxide and water and 
much energy is made m11ilable. The steps of aerobic respiration can be summarized by a single 
equation: 

glucose -+ OX~'gen -----+ carbon dioxide -+ water -+ ENERGY 

C6Hlp6-+ 6(\ -- ocol -+ 6Hp-+ ENERGY 

This equation is a balance sheet of the inputs (raw materials) and the outputs (products). 
It tells us nothing about the separate steps, each catalysed by a specific enzyme, by which 
cellular respiration occurs. It does not mention pyruvate, for example. 

What happens to pyruvate in aerobic respiration? 
If oxygen is available to cells and tissues, the pyruv-ate is completely oxidized to carbon dioxide, 
water and a large quantity of ATP. Before these reactions take place, the pyruvate first passes 
into mitochondri-a by facilitated diffusion. This is because it is only in mitochondri-a th-at the 
requiredenzymesarefound(Figure2.63). 

In summary: 

pyruvate enzymes in the mitochondria carbon dioxide-+ water-+ large amount of ATP 

In this phase of cellular respiration, the pyruvate is oxidized by: 

• removal of hydrogen atoms by hydrogen acceptors (oxidizing agents) 

• addition of oxygen to the rnrbon atoms to form carbon dioxide. 

These reactions occur one -at a time, e-ach catalysed by a different enzyme 
Also, it is in the mitochondria that the h~·drogen (proton) carried by the reduced hydrogen­

acceptor molecules reacts with oxygen to form water. The reduced hydrogen acceptor is reoxidized 
(loses its H) and is available for reuse in the prOOuction of more pyruvate. The majority of ATP 
molecules(thekeyproductofrespirntionforthecell)aregeneratedinthisstep,also. 

The sites of cellular respiration 
The enzymes of cellular respiration occur partly in the cytoplasm (the enzymes of glycolysis) 
and partly in the mitochondria (the enzymes of pyruvate oxidation and most ATP formation). 
After formation, ATP pa,ses to all parts of the cell. Both ADP and ATP pass through the 
mitochondrial membranes by facilitated diffll'iion. The locations of the different stages of aerobic 
respiration are shown in Figure 2.63. 
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In the absence of oxygen, many organisms (and sometimes tissues in organisms, when these have 
become deprived of oxygen) will continue to respire pyruvate by different pathways, known as 
fermentation or anaerobic respiration, at least for a short time 

Many species of yeast (Saccharomyces) respire anaerobically, even in the presence of 
oxygen. The products are ethanol and carbon dioxide. You will already be aware that alcoholic 
fermentation of yeast has been exploited by humans for many thousands of years: 

• in bread making - the carbon dioxide causes the bread to 'rise' 

• in wine and beer production. 

glucose - - ethanol + carbon dioxide + ENERGY 

Vertebrate muscle tissue can respire anaerobically, too, but in this case it invokes the formation 
of lactic acid rather than ethanol. Once again, under conditions in the cytoplasm, lactic acid is 
weakly ionized and, therefore, exists as the lactate ion. 

Lactic-acid fermentation occurs in muscle fibres , but only when the demand for energy 
for contractions is very great and cannot be met fully by aerobic respiration. In lactic-acid 
fermentation the sole waste product is lactate. 

glucose ------.. lactate + ENERGY 

What happens to pyruvate in anaerobic respiration! 

In human slreletal muscle tissue, when oxygen is not available, the pyrm11te remains in the cytoplasm 
and is converted to lactate. In yeast, whether or not oxygen is a,11ilable, the pyrtl\11te is corwerted to 
the alcohol called ethanol How is Ute supply of pynmu.e maincained in cells in the absence of oryg.en! 

This is a potential problem in the breakdown of pyruvate in the absence of oxygen. Remember, 
in pyruvate formation, h\Orogen-acceptor molecules are reduced (talre up hydrogen atoms). Without 
using oxygen, these must ~ reoxidized (lose their H) if production of pyrunlte is to continue 

-,,- ,-,,-a,-,ty_<w_, __ The answer is that, in anaerobic cellular respiration, the reduced hydrogen-acceptor 
products of molecules donate their hydrogen to form lactate or ethanol from pyruvate. This is how they are 
anaerobic reoxidized in the absence of oxygen. In this way, the acceptor molecules are av-ailable for further 
rt.>51)4rationin pyruvatesynthesis. Pyruvateformationisabletocontinue 
mu1cH! We can summarize this as: 

reducedHaccq,to,(carryingH) redocedHocceptor 
pyruvate lactatepyruvate ~ ethanol +CX\ 

oxidi:edHacoeptor(lostH) oxldi:edHocceptor 

Anaerobic respiration is ' wasteful' 

Anaerobic respiration is 'wasteful' of respiratory substrate. This is the case because the total 
energy yield per molecule of glucose respired, in terms of ATP generated, in both alcoholic 
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• Table2.9Energy 
yleldofaeroblcand 

and lactic-acid fermentation is limited to the net two molecules of ATP produced in pyruvate 
formation. No additional energy is transferred in the latter steps and made available in cells 

So we can think of both lactate and ethanol as energy-rich molecules. (This is correct; 
ethanol is sometimes used as a fuel in cars, for example.) The energy locked up in these 
molecules may be used later, however. For example, in humans, lactate is transported to the liver 
and later metabolized aerobically. Energy yields of cellular respiration are compared in Table 2.9. 

Yleldfrom eachmoleculeof glucose resplred 
Aerobic respiration Anaerobic respiration 

glyco lys ls 

resplraUoncompared ~ :~:A~"',=~ =" ~" --~"=" ~" =' =" =ru='"=' -~~----

• Investigating respiration 
The rate of respiration of an organism is an indication of its demand for energy. Respiration 
rate, the uptake of ox~~n per unit time, may be measured by means of a respirometer (figure 
2.64). The manometer in this apparatll'i detects change in pressure or volume of a gas. Respiration 
by tiny organisms (germinating seeds or fly maggots are ideal) that are trapped in the chamber of 
the respirometer alters the composition of the gas there, once the screw dip has been dosed. 

r
t'ffiMfHH,iij Ethical implications of research 

A The use of animals in experiments may generate ethical issues. These are discussed i." 
V Appendix 3, frfining ethics and making ethical d.,c;isions on the accompanying website 

• Flgure 2.64 
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If sc:xla lime is present in the chambers the carbon dioxide gas released by the respiring organism 
is removed. In this case, only oxygen uptake by the respiring organisms causes a change in 
volume. As a result, the coloured liquid in the attached capillary tube will move towards the 
respirometer tube. The resulting reduction in the volume of air in the respirometer tube in a given 
time perkxl can now be estimated. It is the volume of air from the syringe that must be injected 
back into the respirometer tube to make the manometric fluid level in the two arms equal again. 
That volume is equinilent to the volume of oxygen taken up by the respiring organisms. 
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28 In the respimmeter (figure 2.64). explain how changes in temperature or pressure in the external 
environment are prevented from interfering with measurl.'rTient of ox)'(Jen uptake by respiring organisms in 
the apparatus 

2!1 The experiment shown in figure 2.64 was repeated with maggot fly larvae in tubes. first with the sDda 
lime present and subsequently with water in pi.Ke of soda lime. Toe volume change with~ lime was 
30mm1h-'. but without IOda lime it was 3 mm'h-1• Analyse these results. explaining the significance of 
earn value 

2. 9 PhotosynthesiS -photosynthesis uses the energy in sunlight to 
produce the chemical energy needed for life 

Green plants use the energy of sunlight to pn:xloce sugars from the inorganic raw materials carbon 
dioxide and water, by 3 process called photosynd1esis. The waste product is oxygen. Photosynthesis 
occurs in plant cells that contain the organelles called chloroplasts (page 22), including many of the 
cells of the lea..-es of green plants. Here, energy of light is trapped by the green pigment chlorophyll 
and becomes the chemical energy in molecules such as glucose and in ATP. Note that we now say 
that light energy is mmsjerred to organic corrqx:,unds in photosynthesis, rather than talking of the 

----- 'con\"ersion of energy' - a term that was once widely used 

30 ~~u~~l~~/l~ose is u:r~~ :e:::~!~:s::~;l~,;1::::1::~;~~=es~:: ;::~~~r~:~trh: ~~:~ ~h~ch 

respiration in lipids, proteins, growth factors, and all other metabolites they require. For this, they additionally 
mammals and need certain mineral ions, which are absorbed from the soil solution. figure Z.65 is a summary of 

_ f_l=_""_"_e_.a_ts_ photosynthesis and its place in plant metabolism. 

photosynthesis:asummary 
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• Fl gure2.65Photosynth~lsandltsplacelnplantnutrltlon 



122 2 Molecular biol 

• Rgure2.66 

Electromagnetic 

spectrumof vlslble 

light 

• What is light? 
Light is a form of the electromagnetic radiation produced by the Sun. Visible light makes up 
only a part of the total magnetic radiation reaching the Earth. When this visible 'white' light is 

projected through a prism, we see a continUOll'l spectrum of light - a rainbow of colours, from 
red to violet. Different colours have different wavelengths. The wavelengths of electromagnetic 
radiation and of the components of light are shown in Figure 2.66 

The significance of the spectrum of light in photosynthesis is that not all the colours of the 
spectrum present in white light are absorbed equally by chlorophyll. Some are even transmitted 
(or reflected), rather than being absorbed 

th••FM<trum of 
visible light 

• Investigating chlorophyll 
Some plant pigments are soluble in water but chlorophyll is not. Chlorophyll can be extracted in 
anorganicsolventlikepropanone(acetone)(Figure2.67). 

31 State what rnlourthepigmentchlomphyllchieflyreflectsOftraflSmits(ratherthanabsorbs) 

32 Evaluate theessential§.lfetypfl'Glutionsrequiredwhenchlomphylli1e:r;tracteda11howninFigure2.67 

33 Suggest why chromltography i1 a useful technique for the investigation of cell biochemistry 

Chlorophyll as a mixture - introducing chromatography 
Plant chlorophyll consists of a mixture of pigments. Chromatography is the technique we 
use to separate comp:ments of mixtures, especially when working with small samples. It is an 
ideal technique for separating biologically active molecules, since biochemists are often able to 
obtain only very small amounts. Chromatograms are typically run on absorptive paper (paper 
chromatography), powdered solid (column chromatography), or on a thin film of dried solid 
(thin-layer chromatography). The technique is illll'ltrated in Figure 2.68. 

Look ar rhe chromawgmm in Figure 2.68. 
The photosynthetic pigments of green leaves are two types of chlorophyll known as 

chlorophyll a and chlorophyll b. The other pigments belong to a group of compounds called 
carotenoids. These pigments are, together, involved in the energy transfer proces.ses in the 
chloroplasts 

The absorption and action spectra of ch lorophyll 
We have seen that light consists of a roughly equal mixture of all the visible W\l.velengths, namely 
indigo, violet , blue, green, yellow, orange and red (Figure 2.66). Now the issue is - how much of 
each W\l.velength does chlorophyll absorb? We call this information an absorption spectrum. 

The absorption spectrum of chlorophyll pigments are obtained by measuring their 
absorption of indigo, violet, blue, green, yellow, orange and red light, in turn. The results are 
plotted as a graph showing the amount of light absorbed over the wavelength range of visible 
light, as shown in Figure 2.69. You can see that chlorophyll absorbs blue and red light most 
strongly. Other W\l.velengths are absorbed less or not at all. It is the chemical structure of the 
chlorophyll molecule that causes absorption of the energy of blue and red light 
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The action spectrum of chlorophyll is the wavelengths of light that bring about 
photosynthesis. This may be discovered by projecting different wa,·elengths, in turn and for 
a unit of time, on aquatic green pond weed. This is carried out in an experimental apparatus 
in which the rate of photosynthesis can be measured. The gas evolved by a green plant in 
the light is largely oxygen, and the volume given off in a unit of time is a measure of the 
rate of photosynthesis. Suitable apparatus is shown in Figure 2.71, of which more later 

The rate of photosynthesis at different wavelengths may then be plotted on a graph on 
the same scale as the absorption spectrum (Figure 2.69). We have seen that blue and red light 
are most strongly absorbed by chlorophyll. From the action spectrum, we see that it is these 
wavelengths that give the highest rates of photosynthesis. 
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• Fl gure2.69Absorptlonandactlonspectraofchlorophyllplgments 

••• ;~~~~=o~~~:l it~a:~~~: :x~;:c~:d ~~~~:~~~~di :i~:l~~~~~~o::~: solvent still 
absorbs light. However, chlorophyll in solution cannot use light energy to make sugar. This is 
because, in the extraction process, chlorophyll has been separated from the membrane systems 
and enzymes that surround it in chloroplasts. These are also essential for carrying out the 
biochemical steps of photo,ynthesis, as we shall now discm"er. 

• What happens in photosynthes is? 
Photosynthesis is a set of many reactions occurring in chloroplasts in the light. However, these 
can be conveniently divided into two main steps (Figure 2.70). 

1 Light energy is used to split water (photolysis) 
_____ This releases the waste product of photosynthesis, OX~]:en, and allows the hydrogen atoms to be 
34 State from where a retained on hydrogen-acceptor molecules. The h~·drogen is one requirement of Step Z. At the 

~·~:~~na\~tains same time, ATP is generated from ADP and phosphate, also using energy from light. 

b h)'drngenusedto 2 Sugars are built up from carbon dioxide 
~u~~:le~luco,;e We say that carlxm dioxide is fixed to make organic molecules. To do this, both the energy of 

_____ ATP and of hydrogen atoms from the reduced hydrogen·acceptor molecules is required. 
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• Measuring t he rate of photosynthesis 
An illuminated, freshly cut shoot of a pondweed, when inverted, produces a vigorous stream of 
gas bubbles from the base. The bubbles tell us the pondweed is actively photosynthesizing. 
At the same time, dissolved carbon dioxide is being removed from the water. Suitable plants 
include Elodea, Microphylllum and Cabomba. The rate of photosynthesis can be estimated using· 

• a microburette to measure the volume of oxygen given out in the light (Figure 2.71). 
The pondweed is placed in a ,·ery dilute solution of sodium h~·drogencarbonate, which 
supplies the carbon dioxide (as HC0

1 
-ions) required by the plant for photosynthesis 

The quantity of gas evolved in a given time, say in 30 minutes, is measured by drawing the 
gas bubble that collects into the capillary tube, and measuring its length. This length is 
then converted to a volume 

• an oxygen sensor probe connected to a data-logging device 
• a pH meter connected to a data-logging monitor. The uptake of carbon dioxide from the 

waterwillcausethepHtorise. 
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In the design of 
experiments to 
Investigate the 

factorsontherateof 
photosynthesis 

• Flgure 2.72 
The effect of carbon 
dloxldeconcentraUon 
on photosynthesis 

You can use one or more of these techniques to investigate the effects of external conditions on 
the rate of phota,ymhesis (Table 2.10). 

o,output(bubblesorvolume)inunittime dependent va r1 able 

externalco,(i)abseoceofco,byboiling lndependent va r1 able 
and cool ing water 
(ii)subsequentste,pwileadditKln 
ofNaHco,srnutiootoraiseCO,by 
0.01moldm-• - untilnofurtherchangein 
o output 

Light Intensity 

o,output(bubblesOf volume)Of 
Hdian inunittime 

lightintemity - systematically 
positioning the light source 
(photofloodlamp0f150Wbulb) 
at10.15.20and3lcm fromthe 
experimentalctiamber 

temperature.light intensity rontrolled varlables rnncentr~tronofNaHCO., 

possiblyerrorsinNaHCO,mlution 
additions 

11.'rllperature 
possiblytheheatingeffectofthe 
l' htmurce 

Note: these experiments can be simulated on a computer. Details are giwn in the section on 
'Chapter 8 Chapter Summary, Further study' on the accompanying website. 

35 a A thermometer is not shown in the apparatus in figure 2.71 . Predict why ooe is required. and state 
whereitshouldbepositKJned 

b Exp la In why the ml stem of pondweed was inverted here 

• External factors and the rate of photosynthes is 
The effect of the concentration of carbon dioxide on the rate of phota,ynthesis is shown in 
Figure 2.72. Look ai this figure now - now the shape of the rnn'e. 

In this experiment, when the concentration of carbon dioxide is at zero there is no 
phota,ynthesis, of course. As the concentrntion is steadily increased, the rate of photosynthesis 
rises, and the rate of that rise is (X)Sitively correlated with the increasing carbon dioxide 
concentration. However, at much higher concentrations of carbon dioxide, the rnte of 
phota,ynthesis reaches a plateau - now there is no increase in rate with rising carbon dioxide 

no photosynthesis athighCO,coocentrationthe 
ratenokln~rioc,easesv.ilh 
inc,ea,;ngcO,conc:entratkln 
- aplateauis,e;,ched 

high 

CO,concentration 

The effect of light intensity on the rate is shown in Figure 2.73. look at this graph now - the 
shape of the curve is familiar. Then answer question 36. 
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• Rgure 2.73 high 

llghtlnten51tyon 
photosynthesis 
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]6 EKplaln whatthe 

graph implies about 
therelatiomhip 
between light 
intensity,md 
the rate of 
photo1ynthesi1 

• Flgure2.74 

temperature on 
photosynthesis 

Kghtinterisify 

The effect of temperatu re on the rate of photosynthesis is shown in Figure 2.74. Here the curve 
of the graph is an entirely different shape. At relatively low temperatures, as the temperature 
increases, the rate of photosynthesis increases more and more steeply. However, at higher 
temperatures, the rate of photosynthesis abruptly stops rising and acrually falls steeply. The result 
is a clear optimum temperature for photosynthesis. 

:==~::~ 
wi!hir,creasingeffect 

high 
temperaturerc 

_____ • The w ider significance of photosynthesis 
l7 Suggest thel ikely 

fateofstardistored 
in a green leaf. 
during periods of 
darkness 

The importance of photosynthesis to the green plant is that it provides the energy-rich sugar 
molecules from which the plant builds its other organic molecules. But photosynthesis has a 
wider significance: 

I The feeding relationships between organisms are represented in food chains (page 195). 
Food chains always begin with green plants, or parts of plants. Plants are the primary 
producers in the food chain; other organisms feed on them. Some do so directly (the 
herbivores); others do so indirectly, by feeding on the herbivores or on organisms that do 
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So, virtually all life is dependent on green plant nutrition, including human life. It was an 
environmentalist that summarized our dependence on green plants in the phrase; 'Have you 
thankedag7eenplantroda)'?'! 

2 Changes in the Earth's oceans and rock depo;;itions were the first significant consequences 
of the oxygen liberated by the earliest photosynthetic organism (prokaryotes), about 
3 SOO million years ago. It was this output from aquatic organisms that caused the oxidation 
of huge quantities of di,solved iron in the oceans, triggering precipitation of sedimentary 
rocks rich in iron ores. Later, there w:is some release of oxygen into the atmosphere, and then 
terrestrial rock deposits also started to be oxidized. All these iron ores are the basis of our 
rrux:lem steel indll'itry. The atmospheric oxygen concentration only started to rise significantly 
about 750 million years ago (mya) - long after the bulk of this iron oxidation was under way. 

3 Some of the oxygen originating from green plants is converted into ozone in the upper 
atmosphere, due to the action of ultra-violet (UV) radiation from the Sun. (Ozone is a form 
of oxygen that contains three atoms of oxygen combined together.) fu a result, ozone occurs 
naturally in the Earth's atmosphere as a layer found in the region called the stratosphere. 
The effect of this ozone layer is to protect terrestrial life from UV radiation by significantly 
reducing the quantity of UV that reaches the Earth's surface. UV light is ~·ery harmful to 

living things because it is absorbed by the organic bases (adenine, guanine, thymine, cytosine 
and uracil) of nucleic acids (DNA and RNA), causing them to be modified (mutation, 
page IJ2). Consequently, the conversion of oxygen to ozone and the maintenance of the 
high-level ozone layer have been important in the evolution of terrestrial life (UV light 
does not penetrate water and so cannot reach aquatic organisms). The ozone in our upper 
atmosphere is important to the survival of life today. 

4 Green plants also maintain the composition of the atmosphere today. For example, the 
quantity of carbon dioxide removed by plants in photosynthesis each day is almost equal to 

that added to the air from respiration (page 121) and from the burning of fossil fuels. This is 
illustrated by the carbon cycle (page 201). Photosynthesis is also the only natural process that 
releases oxygen into the atmosphere. All the oxygen present in the air (about 21%) is a waste 
product of photosynthesis. This is the source of oxygen for aerobic respiration. 



• Examination questions -
a selection 

Questions 1- 2 are take n from IB Diploma 
biology papers. 

Q1 \'Vhat sequence of processes is carried out by the 
structure labelled X during translation? 

A Combining with an amino acid and then 
binding to an anticodon 

B Binding to an anticodon and then combining 
with an amino acid 

C Binding to a codon and then combining with 
an amino acid 

D Combining with an amino acid and then 
binding to a codon 

S~Lew!I~ 1, 1melone 1. M.;,y 10, Q9 

Q2 Discuss the relationship between one gene and 
one polypeptide. (7) 

~rwdLeYeiPif)e(Z nmezonez Mill 1z Q6c 

Questions 3- 10 cover othe r syllabus issues in this 
chapter. 

Q3 When organic compounds started to be created 
under artificial conditions, it showed that a 
vital force is riot needed to produce them. This 
affirmationinchcatesthat 
A organic compounds can be the result of a 

combination of molecules based on the nature 
of its components 

B organic compounds are made of any 
component found in nature 

C the reactions leading to the synthesis of 
organic compounds only occur inside living 
organisms 

D combining inorganic compounds will give rise 
to organic ones. 
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Q4 What is the difference between anabolic and 
catabolic reactions? 
A Anabolism is the synthesis of organic 

compounds and catabolism is the synthesis 
of inorganic compounds. 

B Anabolic and catabolic reactions can be 
explained by condensation reactions only. 

C Anabolism is the formation of polymers 
by condensation, and catabolism is the 
breakdown of macro molecules by hydrolysis. 

D Hydrolysis and condensation reactions, both 
are part of anabolism and catabolism 

Q5 What determines the three-dimensional 
conformation of a p!'Otein? 
A The interactions between the amino groups 

in the amino acids 
B The amino acid sequence 
C The peptide bonds between the amino acids 
D More than one polypeptide is acting together 

Q6 Carbohydrates, lipids and proteins make up 
the bulk of the organic compounds found in 
organisms. 
a Identify a monosaccharide commonly found 

in both animal and plant cells. (1) 
b State the polysaccharicle with a role as energy 

store found in skeletal muscle, and what 
monomer it is constructed from. (2) 

c Draw a genefalised structural formula for: 
i anaminoacid 
ii a fatty acid. (4) 

d Define the type of chemical reaction involved 
in the formation of a peptide linkage between 
two amino acids, and state the other product. 
in addition to a dipeptide. {2) 

e List three advantageous features of lipids as 
energy stores for terrestrial animals. {3) 

Q7 a Describe three factors that affect enzymes. 
Start with the one that affects enzymes 
the most. 

b Lactaseisanexampleof an enzyme used 
in modem food processing. Outline the 
way lactase is used when making 
sugar-free milk. (6) 
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QS Cell respiration can be defined as the controlled 
release of energy from organic compounds such 
as glucose. Identify at least three processes that 
create ATP, organizing them by starting with the 
one that produces most ATP per molecule of 
glucose. (3) 

Q9 State the role of both light energy and water 
in photosynthesis. (2) 

Q10a State at which period ina cell cycle the 
replication process takes place. (1) 

b For the process of DNA replication, draw a 
diagrammatic representation of the structure 
of a 'replication fork' in which two important 
enzymes essential to replication are shown 
in situ. Annotate your diagram to make dear 
the roles of these enzymes. (6) 

c Explain the part played by complementary 
base pairing in replication. (2) 

d Explain why the replication process is 
described as semi-conservative. (2) 
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• Table3.1 Estlmated 

approximate numbers 

of protein-coding 

• Everylivingorganisminheritsa blueprintforlifefromitsparents. 
• Chromosomes carry genes in a linear sequence that is shared by members of a species. 
• Alleles segregate during meiosis allowing new combinations to be formed by the fusion 

of gametes. 
• The inheritance of genes follows patterns. 
• Biologists have developed techniques fo r a rtifi cial manipulation of DNA, cells and 

organisms. 

3 .1 Genes - everr tiving organism inherits a btuep,int ro, life tram its parents 

A gene is a heritable factor that influences a specific charncter. By 'character' we mean some 
feature of an organism like 'height' in the garden pea plant or 'blood group' in humans. 
'Heritable' means genes are factors that pass from parent to offspring during reproduction 

Species Vllry in the number of genes they have - some have many more than others. 
Table 3.1 lists the numbers of genes present in a range of common organisms. N otice that the list 
includes one bacterium, as well as certain plants and animals, and that the water flea has mote 
genes than a human but the fruit fly has less. 

HomoS.Jp/ens(human) Oryzasatlva(rlce) 

Can/sfamll/arls{domestlcdog) Vltlsvlnlfera(grape) 

Dro:.ophllamelanogaster (fruit fly) Arab/dops/stha//ana(rockcress) 

Plasmodlum (malarial parasite) Saccharomycescerev/5/ae(yeast) 

Oaphn/a(waterflea) Escherlchlacoll(bacterlum) 

Genes are located on chromosomes. Each gene occupies a specific position on a chrom060me; 
therefore each eukaryotic chromosome is a linear series of genes. Furthermore, the gene 
for a particular characteristic is almiys found at the same position or locus on a particular 
chrom060me. (The plural of locus is loci.) For example, the gene controlling height in the 
garden pea plant is alwa~'S present in the exact same position on one particular chromosome of 
that plant. Howe,·er, that gene for height may code for 'tall' or it may code for 'dwarf, as we shall 
shortly see. In other "M>rds, there are different forms of genes. In fact, each gene has two or more 
forms and these are called alleles. The word 'allele' just means 'alternative form'. 

Now, the chromosomes of eukaryotic cells occur in pairs called homologous pairs. 
('Homologous' means 'similar in structure'.) One of each pair came originally from one parent, 
and the other from the other parent. So, for example, the human has 46 chromosomes, 
Z3 coming originally from each p-arent in the process of sexual reproduction. Homologous 
chrom060mes resemble each other in structure and they contain the same sequence of genes. 
In Figure 3.1 we see some of the genes and their alleles in place on a homologous pair of 
chrom060mes. 

• The chemical nature of the gene 
A eukaryotic chromosome contains a single, extremely long molecule of DNA (Figure 2.49, 
page 107). So we can also define the gene as a specific length of that DNA molecule. In fact, it 
consists of hundreds or (more typically) thousands ofOOse pairs long. We ha'"e also seen that, in 
the process of protein synthesis, the sequence of bases in nucleic acid dictates the order in which 
specific amino acids are assembled. This information, called the genetic code, is a three-letter 
or triplet code, meaning that each sequence of three bases stands for one of the 20 amino acids, 
and is known as a codon. A gene is a long sequence of codons. 



132 3 Generics 

• Rgure3.1 
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• How do the alleles of a particular gene differ? 
Alleles differ from each other in the bases they contain but the differences are typically very 
small, limited to one or only a few bases in most cases. The example of the allele for sickle-cell 
hemoglobin and the allele for normal hemoglobin is discussed below. 

• The genome - the genetic information of an organism 
The total of all the genetic information in an organism is called the genome of the organism. 
The genome of a prokaryotic organism, such as the bacterium E. coli (Figure 1.32, page 29), 
consists of the DNA that makes up the single circular chromosome found in the bacterium, 
together with the DNA present in the small, circular plasmids that also occur in the cytoplasm 

The genome of a eukaq.utic organism such as a human consists of the DNA present in the 
46 chromosomes in the nucleus, together with the DNA of the plastids found in mitochondria. 
Ofcourse,inagreenplantplasmidsarealsopresentinthechloroplasts. 

• New genes are formed by mutation 
DNA can change. Normally, the sequence of nucleotides in DNA is maintained without change, 
but very occasionally alterations do happen. If a change occurs we say a mutation has occurred. 

A gene mutation involves a change in the sequence of bases of a particular gene. At certain 
times in the cell q.de mutations are more likely to occur than at other times. One such occasion 
is when the DNA molecule is replicating. We ha'"e noted that the enzyme DNA p:,lymerase, 
which brings about the building of a complementary DNA strand, abo 'proof-reads' and corrects 
most errors (page 109). However, gene mutations can and do occur spontaneously during this step. 

Also, certain conditions or chemicals may cause change to the DNA sequence of bases 
These can include ionizing radiation (page 163), UV light and various chemicals 

Base substitution mutation and sick le-ce ll cond it ion 
An extremely common gene mutation occurs in hemoglobin. This oxygen-transporting pigment 
of red bkxxl cells is made of four polypeptide molecules - two known as a. hemoglobin and two 
as p hemoglobin. These interlock to form a compact molecule (Figure 3.2). 
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The gene that codes for the amino acid sequence of p hemoglobin occurs on chromosome 11 
and is prone to a substitution of the base A to T in a codon for the amino acid glutamic acid ­
the sixth amino acid in this (X}lypeptide. As a consequence of this base substitution, the amino 
acidvalineappearsatthat(X)int. 

The presence of a non-(X)lar valine in the p hemoglobin creates a hydrophobic spot in the 
otherwise hydrophilic outer section of the protein. This tends to attract other hemoglobin 
molecules, which bind to it. In tissues with low partial pressures of oxygen (such as a tissue with 
a high rate of aerobic respiration) the sickle-cell hemoglobin molecules in the capillaries readily 
dump together into long fibres. These fibres distort the red blood cells into sickle shapes. In this 
condition, the red blood cells cannot transport oxygen. Also, sickle cells may get stuck together, 
blocking smaller capillaries and preventing the circulation of normal red blood cells. The result 
is that people with sickle cells suffer from anemia - a condition of inadequate delivery of oxygen 
to cells. This unusual hemoglobin molecule is known as hemoglobin S (Hg"). 

People with a single allele for hemoglobin S (Hg Hg") have less than 50% hemoglobin S. 
Such a person is said to have sickle-cell trait and they are only mildly anemic. However, those 
with both alleles for hemoglobin S (Hg' Hg") are described as having sickle-cell anemia - a 
serious condition that may trigger heart and kidney problems, too. 

An advantage in h aving sickle-cell tra it! 

Malaria is the most important of all insect-borne diseases. It is in Africa south of the Sahara 
that about 80% of the world's malaria cases are found, and here that most fatalities due ro 
the disease occur. Here, millions of people are infected at any one time. It is estimated that 
1.5 million sufferers, m01,tly children under 5 years, die each year. 

Malaria is caused by PlaJmo:Jium, a protozoan, which is transmitted from an infected 
person to another person by blood-sucking mosquitoes of the genus Anopheles. Only the female 
mosquito is the vector (the male mosquito feeds on plant juices). 

Plasmodium completes its lifecycle in red blood cells, but it seems that people with sickle-
cell trait are protected to a significant extent (figure 3.3). Where malaria is endemic in Africa, 
(X}ssession of one mutant gene (having sickle-cell trait, but not full anemia) seems to be 
advantageous. Natural selection or 'survinil of the finest' ensures this allele persists and fewer of 
the alleles for normal hemoglobin are carried into the next generation 

distributionofhemoglobinSisvirtuallythesameuthatofmalaria 

distributionofmalariacausedbyP/asmodiumfalr:iparum distributionofsickle-c.Ug•n•inth•population 
orP . .;v.u(theformsofmalariathataremostffpqumtt,, 
fatal.P<peciallyinchitdhood) 

• Rg ure3.3How 

sickle-cell trait may 

confer an advantage 
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cellisselectedfm;n,egionsoftheWOOdwhe<emalariaocru" 
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TOK link 
Thedistr ibubonolsiclde-celialk>lesinAfficaappearstornnferanadvantagefor thepeople inregklm 
where the malarial parasite is endemic (F~ure 3.3). However. this type of evidence is circumstantial 
Howcouklacausal linkbeestablished? 

1 Explain how Knowledge of the cause ol sicUe-{ell trait and sidle-cell anemia supports the concept of a 
geneas.ilinearsPquenceofbases 

• The Human Genome Project 
The Human Genome Project (HGP), an initiati,·e to map the entire human genome, was a 
publicly funded project that was launched in 1990. The ultimate objective of the HGP was to 
discover the base sequence of the entire human genome. The 11-UTk was shared among more 
than 200 laboratories around the world, avoiding duplication of effort. However, in 1998 the 
task became a race when a commercially funded company set out to achieve the same outcome 
in only three years, by different techniques. Because of a fear that a private company might 
succeed, patent the genome, and then sell access to it (rather than making the information 
freely available to all), the HGP teams accelerated their work. 

In fact, both teams were successful well ahead of the projected completion dates, because of 
rapid improvements in base sequencing techniques. On the 26th June 2000, a joint announcement 
established that the sequencing of the human gerrnne had been achieved. At the same time 
as the HGP was underway, teams of scientists set about the sequencing of the DNA of other 
organisms. Initially, this incllKled the common human gut bacterium, E.coli, the fruit fly and the 
mouse. Since then, more than 30 non-human genomes have been sequenced to date 

It is important to realize that the existence of these sorts of investigations is dependent on 
the use of computers to store vast quantities of data, and to analyse and compare data sets 

A spin-off of the HGP has been an international study of human ,-ariation (HapMap Project: 
http:/ihapmap.ncbi.nlm.nih.gov/abouthapmap.html). The sequencing of the human genome has 
shown that all humans share the vast majority of their base sequences, but also that there are 
many single nucleotide polymorphisms which contribute to human diversity. Also important is 
therealizationthatethical,legalandsocialissuesaregeneratedbytheproject. 

• Gene sequencing - the process 
To sequence a genome, the entire genome is broken up into manageable pieces and then the 
fragments are separated so that they can be sequenced individually. Copies of these DNA 
fragments are made in a way such that the sequential positions of the four nucleotides in the 
fragment can be identified. 

Single-stranded copies are made in the presence of non-standard nucleotides and an excess 
of standard components. The non-standard nucleotides occasionally block the copying process, 
so that many copies of the sequence are made, all of different lengths. The four non-standard 
nucleotides are each tagged with a differently coloured fluorescent marker. This process is 
discussedinmoredetailonpage322 

Samples are separated according to length, by capillary electrophoresis machine. This 
procedure distinguishes DNA fragments that differ in size by only a single nucleotide. After 
separation, a laser beam makes the fluorescent markers fluoresce. Then an optical detector 
linked to a computer deduces the base sequence from the sequence of colours detected. This 
automated procedure is entirely dependent on improvements in technology. An animated 
sequence of this process can be accessed via your web browser, appropriately interrogated. 
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• Flgure3.4 Here 
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Sequencing the r ice genome 
Rice is the staple food for more than 60% of the 'M>rld's population (more wheat is produced 
than rice, but wheat is also used extensiYely in animal feeds). The plant was domesticated in 
south-west Asia, probably 12 OOO years ago - much earlier than the first recorded culth<1tion 
of wheat (in the Fertile Crescent). If this is so, rice has certainly fed more people over a longer 
period than any other crop. 

In 1997, scientists from many nations agreed to collaborate on the sequencing of the rice 
genome - one of the smallest genomes of all the cereal crops. The completed sequence was 
published in 2002. This information has assisted plant breeders' efforts to assimilate useful genes 
from wild rice species into culth<1ted varieties to impro..-ed resistance to disease, for example. 

Outcomes of the HGP 
Ultimately, most, if not all, aspects of biological investigation will benefit from the results of this 
project. At this stage, we can illustrate the impact of the HGP with three examples. 

1 H ow many individual gen es do we h ave and h ow do they work! 

Genes may be located in base-sequence data by the detection of sequences that are 
uninterrupted by 'start' and 'stop' codons. Such regions are more likely to code for a protein. 
The three billion bases that make up the human genome represent about 20 OOO genes, for fewer 
than was expected. Drosophila (the fruit fly) has almost half our number of genes, and a rice plant 
has many more than 40 000 genes. 

How is the s1rucmral. physiological and beha11ioural complexiiy of humam ddiwred lry so relmiwfy 
few germ? 

The secret of our complexity may partly lie in the issue of so-called 'junk DNA' (sections of 
chromosomes that do not code for proteins). Also, it is not the number of our genes that is the 
issue, but how we use them. Promoters and enhancers are associated with many genes and may 
determine which cells express which genes, when they are expressed, and at what level. 

Another issue is the effect of 'experience'. The genetic code of DNA is not altered by the 
environment (except in cases of mutation) - information flows out of genes and not back into 
them. However, while our genes are largely immune to direct outside influence, our experience 
may regulate the expression of particular genes. For example, genes are switched on and off by 
promoters, and this may occur in response to external factors. If so, our genes may be responding 
to our actions, as well as causing them 
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2 Locating the cause of genetic disorders 

Another outcome of the HGP is the ability to locate genes that are resporuible for human 
genetic disorders. More than half of all genetic disorders are due to a mutation of a single gene 
that is commonly recessive. To prove a gene is associated with a disease, it must be shown that 
patients have a mutation in that gene, but that unaffected individuals do not. The outcome of 
the mutation in afflicted people is the loss of the ability to form the normal product of the gene. 
Common genetic diseases include cystic fibrO'iis (page 161), sickle-cell disease (page 132) and 
hemophilia(page 160). 

3 Development of the new discipline of bioinformatics 

Bioinformatic:s is the storage, manipulation and analysis of biological information via computer 
science. At the centre of this development are the creation and maintenance of databases 
concerning nucleic acid sequences and the proteins derived from them. Already, the genomes 
of many prokaryotes and eukaryotes have been sequenced, as well as that of humans. This huge 
volume of data requires organization, storage and indexing to make practical use of the subsequent 
analyses. lbese tasks involve applied mathematics, informatics, statistics and computer science 

U se of the Gene Bank database to determine differences in base sequence of a gene 
in two species 

These are the steps to a comparison of the nucleotide sequences of the cytochrome c oxidase 
gene of humans with that of the Sumatran orang-utan, using the National C.enter for 
Biotechnology Information web services which provide access to biomedical and genomic 
information: 

1 You will need two websites. Get them ready in two tabs 
A http://www.ncbi.nlm.nih.gov~e 
B http://blast .ncbi.nlm.nih.gov/Blast.cgi 

2 GotowebsiteA. 
a Typein'humancytochromecoxidase'inthesearchbarandpresssearch. 
b Oick on number 2, the blue link for COX6BI, in the search results. 

3 This page gh-es more information about the gene. 
a Scroll down umil you find NCBI Reference Sequences (RefSeq). 
b Oick on the first mRNA and protein(s) link NM_OOl863.4. This will give the nucleotide 

sequence for the gene. 
4 Click on FASTA. This will give you the sequence of the nucleotides in the DNA 

a Nowyouneedtocopy thewholesequencetoyourcl ipboard. 
5 Go to website Bon your second tab. 

a Oickon'nucleotideblast'. 
b Pasteyournucleotidesequenceintothebox. 
c Select 'others' next to 'Database' (this will include comparisons with other species). 
d Scroll down aOO click on BLAST. This will compare the human cytochrome c oxidase sequence 

with others. 
6 Scroll down to the descriptions and find Pongo abclii (Sumatran orang-utan) 

a What % match to the human sequence does it have! (Use the idem column - 96%.) 
b Oickonthespecieslinkorscrolldowntothealignmentsandcomparethegenesequencesbase 

by base. 
i What type of mutations can you see? (Substitutions and deletions~ 

7 Scrollbacktothetop. 
a Click on 'distance tree of results'. An evolutionary tree will appear in a new tab. You can 

change this to 'slanted' to get a more familiar diagram. This will show the evolutionary 
relationship of ~11rious species based on the cytochrome c oxidase gene. 

You can make comparisons with other species listed in the descriptions using this procedure. 
Also, other genes, proteins and evolutionary trees may be compared using this procedure. 



138 3 Generics 

• Rgure3.5 
Screenlmageof 
cytochromeoxldase 
base sequence 
comparisons of 
human and Sumatran 
orang-ut;nDNA 

°"'" 
'"" 
°"'" 
'"" 
°"'" 
Sbjct 

°"'" Sbjct 

°"'" Sbjct 

°"'" 
'"" 
°"'" 
'"" 

TAAAGA G "'Tn"l'GA . AG O"'"!T AA AGAA AGA T AGAAA ""l'G "l'OO 

.W.11J.il_LJI I I_J.l.l.l.!Jl llJil lbL!.J.1111.lil lll!ll Ifill 1WJ.L!J1.W 
AGM 'TA TQGA "'IT A O ""!"m- AGAAGG AATGA' 'G "TAAAOOAOO GATA'l' 1 llll4l 11.!Ul 1.U) I l 11 b® 1 ll!lU I llfil 11.J L!J.llillll I liU.!J 

T'''l=m'G GAATOGTA AG GTO"!U"l'A AGT ·"'"l'""TG AA'J\'. '"I"GO(IT- AA 

+141-JJbl w.® 111u11-Uw1111a11 1.p.u 1111111uqJJJ.v111 

TI 111111 W11illill!illill1F!mF1111111irim'iw]i]!] 

F~ilw1tm1:U1·1:Jr1.tifii 1!illi~l:ni111] 

~~" ~:'"rmt nr,1mm1,~llniliilii!irnm 
illl~l 487 deletion 

m 
suhstitution 

'" 

3. 2 Chromosomes - chromosomes carry genes in a linear sequence that is 
shared by members of the species 

• The single chromosome of prokaryot es 
The structure of a bacterial cell was inmxluced in Figure 1..31, and contrasted with the structure 
ofaeukaryoticcellinTable i.6(page29). 

Remindyourself of1hesek,rydifferencesnow. 
The single chromosome of a prokaryote consists of a circular DNA molecule, not associated 
with protein. Prokaryotes typically also contain small extra DNA molecules in their cytoplasm, 
known as plasmids (Figure 3.34, page 169). Plasmids· 

• are small and circular, and also without protein attached to their DNA 

• carry additional genes, and may occur singly ot exist as multiple copies within the cell 

• may or may not be passed on to daughter cells at the time of cell division 

• are absent from eukaryotic cells, with the exception of yeast cells 

• are exploited by genetic engineers in the transfer of genes from one organism to another 
(page 169). 

• The chromosomes of eukaryotes 
Each eukaryotic chromosome consists of a single, extremely long DNA molecule associated with 
proteins. About 50% of the chromosome is protein, in fact. Some of these proteins are enzymes 
involved in copying and repair reactions of DNA, but the bulk are hist ones. Hist ones are large, 
globular proteins. The DNA molecule is wound around them, giving the impression of a string 
ofbeads(Figure7.9,page328)whenobservedinastainedpreparationofanucleusatinterphase. 
So, the histones ha,-e a support and packaging role. 

The DNA molecule runs the full length of the chromosome. It consists of two anti-parallel 
polynucleotide strands held together by hydrogen bonds, and taking the shape of a double helix 
(Figure 2.49, page 107). In effect, the DNA molecule is a long sequence of genes 
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• The length of DNA in a cell 
The development of the technique of autoradiography enabled advancement in biological 
research in several fields. Examples illustrated elsewhere in this book include in the discovery of 
the carbon path in photosynthesis (Figure 8.21, page 366) and the pathway of sugar translocation 
in the plant stem (figure 9.19, page 390). Using a technique that included autoradiography, 
a research biologist, John Cairns, prcxluced images of DNA molecules from E. co!i (page 29). 
The process involved 

• incubating cultures of E. coli with radioactive thymine so that, after two generations, the 
DNA of the bacteria was radioactive 

• digesting the cell walls with lysozyme, so that the DNA present was released onto the 
surfuceofamembrane 

• applying a film of photographic emulsion to the surface of the membrane, and holding it 
there in the dark for many weeks 

• finally, examining the developed film microscopically to locate where radioactive atoms had 
decayed and caused darkening of the photographic negative. In this way, the length (and 
shape) of the bacterial DNA was disclosed 

Cairns established the DNA of E. co!i was a single circular DNA molecule of length IIOOµm. 
ltoccurspackedintoabacterialcellofonly2µmdiameter! 

Subsequently, the same technique was applied to study eukaryotic chromosomes. The length 
of DNA in cells is phenomenal. In a human cell, the DNA held in the nucleus measures about 
2 m in total length. The integrity of this huge molecule has to be maintained during the process 
of cel1 division. This involves it being packaged and folded away, yet parts also have to be 
accessedpericxlicallyfortranscription(page 108). 

Totalnumber ofbasepalrs (bp) lnhaploldchromosomes 

Tlphage. aviru11pe{ifictoabMlelium 3569 0.5kb) 

fscherkhiarnli.a gutba<:terium 4600000 {4.6Mb) 

Dro50pliilamelatlogaster.frnitfly 123000000 {123Mb) 

o ryz.oo;ativd'. rke 430000000 {430Mb) 

Homosapiens 0.2Gb) 

Paris japooi{.o.·canopyplanl" (150Gb) 

• The features of chromosomes 
There are five features of the chromosomes of eukar)Utic organisms which it is helpful to 

1 The number of chromosomes per spec ies is fixed 
The number of chromosomes in the cells of different species ,.iries, but in any one species the 
number of chromosomes per cell is normally comtant (Table 3.3). For example, the mouse has 
40 chromosomes per cell, the onion has 16, humans have 46, and the sunflower has 34. Each 
species has a characteristic chromosome number. Note, these are all ft}e!l numbers. 

Homosap/ens(human) 46 Pantroglodytes (chlmpanzee) 

Can/s fam/1/ar/s (dog) 78 Drosophllamelanogas ter(frultfly) 8 

Mus musculus (mouse) Hellanthusannuus(sunflower) 

Par ascaris equorum (roundworm) 1 Oryza satlva (ri ce) 
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2 The shape of a chromosome is characteristic 
Chromosomes are long thin structures of a fixed length. Somewhere along the length of the 
chromosome is a narrow region called the centromere. Centromeres may occur anywhere 
along the chromosome, but they are always in the same po,ition on any given chromosome. 
The position of the centromere and the length of chromosome on each side enable scientists to 
identify particular chromosomes in photomkrographs. 

3 The chromosomes of a cell occur in pairs called homologous pairs 
We ha1.: seen that the chromosomes of a cell occur in pairs, called homologous pairs 
(Figure J.l). One of each pair came originally from the male parent and one from the female 
parent. This is why chromosomes occur in homologous pairs. 

Cells in which the chromosomes are in homologous pairs are described as having a diploid 
nucleus. We describe this as 211 where the symbol '11' represents one set of chromosomes. A cell 
which has one chromosome of each pair has a haploid nucleus. We represent this as 11 . A sex cell 
has a haploid nucleus - formed as a result of the nuclear division known as meiosis (page 142). 

Karyotype and karyograms 

The number and type of chromosomes in the nucleus is known as the karyotype. In Figure 3.6 
on the left-hand side, the karyotype of a diploid human male cell is shown, much enlarged 
These chromosomes are seen at an early stage of the nuclear division called mitosis (mitotic 
metaphase, page 54). You can see that at this stage each chromosome is present as tl'U 
chromatids, held together by its centromere. 

For the image on the right, the individual chromosomes were cut out from a copy of the 
original photograph. These were then arranged in homologous pairs in descending order of size, 
and numbered. A photograph of this type is called a bryogram 

Sex chromosomes 

In the karyogram you can see that the final pair of chromosomes is not numbered. Rather, 
they are labelled X and Y. These are known as the sex chromosomes; they decide the sex 
of the individual - a male in this case. We will return to this issue later. All the other 
chromosomes (pairs numbered I to 21) are called autosomes. Karyograms are used by genetic 
counsellors to detect the presence of (rare) chromosomal abnormalities, such as Down's 
syndrome (pages 145- 147) 

human chromosomes of a mal• (karyotyp•) 
("-""'attheequatorolthespirnHedOOng 
nudea,division) 

~,.. I\,." ~ .I\ 
A)!, Iii\ Ii i~ 

~nK A,,• ,~,. \"' 

• Flg ure3.6Chromosomesashomologouspalrs,seendurlngnucleardlvlslon 
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4 Chromosomes, their genes and loci 
We have seen that chromosomes carry genes in a linear sequence, that the position of a gene is 

called a locus (plural, loci), and that each gene has two or more forms, called alleles (Figure 3.1) 
The two alleles may carry exactly the same 'meosage' - the same sequence of bases. A diploid 

organism that has the same allele of a gene at the gene's locus on both copies of the homologous 
chromosomes in its cells is described as homozygous. 

Alternatively, the two alleles may be differen1. A diploid organism that has different alleles of 
a gene at the gene's locus on both copies of the homologous pair is heterozygous. 

U se of databases to identify the loc us of a human gen e 

You can use a search engine to locate on line databases to identify the locus of a particular gene. 
One such site is: www.ncbi.nlm.nih.gov/gene 

Once \Oil haYe acces.sed the site, you may enter the name of a gene to obtain information on 
its locus, starting with which chromosome the gene is located on. Genes you might search for 
include: 

Gene role gene name 
Testlsdetermlnlngfactor- switches fetol TOF 
development to 'male"(pa9e1 S9) 
Chlor1dechannelproteln- amutantalll'lecau1e1 
cy1ticlibro1is(p ;MJe l62) 

5 Chromosomes are copied precisely 
Between nuclear divisions, while the chromosomes are uncoiled and cannot be seen, each 
chromosome is copied. It is said to replicate 

Replication occurs in the cell cycle, during interphase (page 52). The two identical structures 
formed are called chromatids (Figure 3.7). The chromatids remain attached by their centromeres 
until they are separated during nuclear division. After division of the centromeres, the 
chromatids are recognized as chromosomes again. 

Of course, when chromosomes are copied, the critical event is the copying of the DNA 
double helix that runs the length of the chromosome. Replication occurs in a very precise way, 
brought about by specific enzymes, as we have already discus.sed (page 109). 

siner chromatidsattac hed at 

: ;
0
: : :-: :re· making up o ne 

thecentrorne,e. a smallcoostrictiooon 
thediromatid,.i, notageneanddoes 
notcodelor a pmtein.asgenesdo 

eachc~omatidisacopyoftheothef. 
with itslinear'il'f'esofgeoes(ir<!Mdual 
genesaretoosmalltobeseen) 
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3. 3 Mei OS is - alleles segregate during meiosis allowing new combinations to be 
formed by the fusion of gametes 

Divisions of the nucleus occur by a very precise process, ensuring the correct distribution of 
chromosomes between the new cells (daughter cells). There are tl<U types of nuclear division, 
knov.n as mitosis and meiosis. 

In mitosis, the daughter cells prOOuced have the same number of chromosomes as the parent 
cell, typically two of each type, known as the diploid (Zn) state. Mitosis is the nuclear division 
that occurs when an organism grows, when old cells are replaced, and when an organism 
reprOOuces asexually. Mitosis is explained in Chapter 1, page 53. 

In meiosis, the daughter cells contain half the number of chromosomes of the parent cell. 
That is, one chromosome of each type is present in the nuclei formed; this is known as the 
haploid (11) state. Meiosis is the nuclear division that occurs when sexual reproduction occurs, 
normally during the formation of the gametes. 

The differences between mitosis and meiosis are summarized in Figure 3.8. 

~@ 
twocellsareformed,ea.chwithnudei 
identicaltothatollheparentcejl - diploid(2n) 

• Meios is, t he red uction division 

@@ 
®@ 

loorcellsarelormed,eac:hwithhatllhe 
ct.oroosomenumber - haploid(n) 

•mm:111111 Mak ing careful observations 

• The discovery of meios is 
Meiosis was discovered by careful microscope examination of diYiding germ-line cells. This was 
possible after the discovery of dyes that, when applied to tissues, specifically stained the contents 
of the nucleus. First, chromosomes were observed, described and named. Further careful 
studies then revealed the steps of mitosis and meiosis. The unravelling of the complexities of 
meiosis followed the observation of the doubling of the chromosome number at fertilization. 
Appreciation of a need for a reductive division preceded its discovery. 

Germ-line cells are found in the gonads (testes and ovaries). Meiosis is part of the life cycle 
of every organism that reproduces sexually. In meiosis, four daughter cells are produced - each 
having half the number of chromosomes of the parent cell. Halving of the chromosome number 
of gametes is essential because at fertilization the number is doubled. 

HowdoeJmeiosis\1-1:>Tk? 
Meiosis involves t"u divisions of the nucleus, known as meiosis I and meiosis II. As in mitosis, 

chromosomes replicate to form chromatids during interphase, before meiosis occurs. Then, early in 
meiosis I, homologous chromosomes pair up. By the end of meiosis I, homologous chromosomes 
have separated again, but the chromatids they consist of do rot separate until meiosis II. Thll'i, 
meiosis consists of two nuclear divisions but only one replication of the chromosomes. 
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You will probably find difficult the drawing of diagrams to show the stages of meiosis from 
direct observation of prepared microscope slides. For one thing, in books, the stages are typically 
ilhl'itrated in a cell with very few chromosomes. This is so e,·ents can be 5hown clearly. 
In reality, most species have many more chromosomes. Your diagrams may need to show the 
e\"ents in just one homologous pair of chromosomes, but you should make this simplification 
clearin)'Ullrannotations. 

The process of meiosis 
The key events of meiosis are summarized in figure 3.9. 

In the interphase (page 52) that pwced.es meiosis, the chromosomes are replicated as 
chromatids, but between meiosis I and II there is no further inter phase, so no replication of the 
chromosomes occurs during meiosis 

As meiosis begins, the chromosomes become visible. At the same time, homologous 
chromosomes pair up. (Remember, in a diploid cell each chromosome has a partner that is 
the same length and shape and with the same linear sequence of genes. It is these partner 
chromosomes that pair.) 

When the homologous chromosomes have paired up closely, each pair is called a bivalent . 
Members of the bivalent continue to shorten - a process known as conderuation 

During the coiling and shortening process within the bivalent, the chromatids frequently 
break. Broken ends rejoin more or less immediately. When non·sister chromatids from 
homologous chromosomes break and rejoin they do so at exactly corresponding sites, so that a 
cross-shaped structure called a chiasma is formed at one or more places along a bivalent 
The event is known as a cro~ing onir because lengths of genes have been exchanged between 
chromatids. 

Then, when members of the bivalents start to repel each other and separate, the bh.i.lents 
are (initially) held together by one or more chiasmata. This temporarily gh·es the bivalent an 
unusual shape. So, crossing over is an important mechanical event (as well as genetic e\·ent). 

Next, the spindle forms . Members of the bh.i.lents become attached by their centromeres to 
the fibres of the spindle at the equatorial plate of the cell. Spindle fibres pull the homologous 
chromosomes apart to opp:,site poles, but the individual chromatids remain attached by their 
centromeres 

Meiosis I ends with two cells each containing a single set of chromosomes made of two 
chromatids. These cells do not go into interphase, but rather continue smoothly into meiosis 
II . This takes place at right angles to meiosis 1, and is exactly like mitosis. Centromeres of the 
chromosomes divide and individual chromatids now move to opposite poles. Following division 
of the cytoplasm, there are four cells - each with half the chromosome number of the original 
parent cell. (Thefourcellsaresaidtobehaploid.) 

Meiosis and genetic variation 
The four haploid cells prOOuced by meiosis differ genetically from each other for two reasons: 

• There is crossing over of segments of individual maternal and paternal homologous 
chromosomes. These e\'ents result in new combinations of genes on the chromosomes of the 
haploid cells produced 

• There is independent assortment (random orientation) of maternal and paternal homologous 
chromosomes. This happens because the way the bivalents line up at the equator of the 
spindle in meiosis I is entirely random. Which chromosome of a given pair goes to which 
pole is unaffected by (independent of) the behaviour of the chromosomes in other pairs. 

Independent assortment is illustrated in figure 3.10 in a parent cell with a diploid number of 
4 chromosomes. In human cells, the number of pairs of chromosomes is 23; the number of possible 
combinations of chromosomes that can be formed by random orientation during meiosis is 221 , 

which is o\"er 8 million. We see that independent assortment alone generates a huge amount of 
variation in the axled information carried by different gametes into the fertilization stage. 

Finally, in fertilization the fusion of gametes from different parents promotes genetic 
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lodepeodenta,sortmentis ilUStratedinaJl'l(entcelwithtwopao"ofhomologouschf=={foorbivalen!5) 
Themorebivalentsthe,ea,e.!hemorevariatiooispossible.lnhlJJTlans.forexample.thereare2Jpairsolch-= 
<jvir,go-8millioocombinatKll\S 

Hefethe,esultir,ggametes 
wi llbe1h.AB.1h.ab 

Errors in meiosis - non-disjunction 

He,etheresultingg.,,r,etes 
1<ill be lhAb. lhaB 

Very rarely, errors occur in the precisely controlled movement.I of the chromosomes during 
meiosis. The outcome is an alteration to part of the chromosome set. For example, chromosomes 
that should separate and move to opposite poles during the nuclear division of gamete formation 
fail to do so. Instead, a pair of chromosomes can move to the same pole. This malfunction event 
is referred to as non-disjunction. It result.I in gametes with more than and less than the haploid 

----- number of chromosomes. 

the data in figure 
3.llsupportsthe 
suggestion that 
human birth defects 

For example, people with Down's syndrome have an extra chromosome 21, giving them a 
total of 47 chromosomes. How this non-disjunction arises is illustrated in Figure 3.11 

The symptoms of Down's syndrome are variable but, when severe, they inc\OOe congenital 
heart and eye defects. The incidence of all forms of chromosomal abnormalities increases 
significantly with age (Rgure 3.12). Women O\·er the age of 40 who become pregnant are advised 

matemal age to have the chromosomes of the fetus a,sessed by screening (page 148). Other examples of non-
--~~- disjunction are identified inTableJ.4 
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matemalage()'Blf5) 

Changes In the number of chro mosomes Involving only put of t he chromosome set are 
commonest In the sex chromosomes In humans 

Kllnef elter's syndrome - XXY (male) 
Toe extra X chromosome resuN:1 when a ma~ parenl"I X and Y {hromosomes fail to segregate. producing 
XY sperm; one of these then fertilizes a normal (X) ovum. The effects of this defl'{t differ widely. but an 
XXY male is likely to be sterile and have limited development of Sl'{ondary sexual diarac:teri11ics 

Turner 's syndro me - presence of one X chromosome and no Y chromosome (female) 
Toeaffl'{tedindivklual1aresexuallyunderdevelopedandare1terile 

How non-disjunctions (chromosome mutations) are detected 

Chromosome mutatioru are detected by kaqotyping the chromosome set of a fetus. 
The two methods for obtaining feta[ cells are known as amniocentesis and chorionic vi llus 
sampling. When and how these procedures may be carried out is described in Figure 3.13 
Both techniques carry a slight risk of miscarriages of the fetus, so they are only recommended 
in cases where there is significant likelihood of genetic defect. Parents mll'it consent to the 
procedure. Look at the outcome of the genetic screening of a fetus ,hown in Figure 3.14 and 
then answer question 5. 

5 A nalyse the human k.aryogram in Figure 3.14 to determine the gender of the patient and whether non­
disjunction has O{rnrred 

TOK Unk 
In 1<J22 the number of chromosomes rnunted in a human ce ll was 48. This remained the established 
number for 30 years. even though a reyjew of photographic evidence from the time clearly 1howed that 
therewl.'re46.Whyareweslowtochangeourbeliefsl 
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3.4 Inheritance -theinheritanceofgenesfollowspattems 

The mechanism of inheritance was successfully investigated before chromosomes had been 
observed or genes were detected. It was Gregor Mendel who made the first discovery of the 
fundamentallawsofheredity(FigureJ.15). 

Jlllll:111111 Mak ing quantitat ive measurements with replicates to ensure re liabi lity 

• Flgure3.1 5Gregor 
Mendel-founder of 
moderngeneucs 

GregorMe nde lwasbominMoraviain1 822.thesonola 
r,easant far me,. As a )'<>Ung ba;. he WOOed to suppo<I himself 
thmughschooling.butattheageol21hewa,olleredaplace 
in the monastery at Bruno (now inthe CzechRepublic). The 
mooasterywasacentreof,esearchinnatu,alsciencesand 
agricult..-e.aswelasinthehum"'1ities.Mendelwa,successful 
there.Later.hebecameAtibot 

Mendeldisc!M'fedtheprindplesolhereditybystudying 
the inhe ritance olseve ncontrastingcharacte risticsol 
the gard• npea plant.These did oot"blend"onoossing. 
bvtretaiJ1edtheiridentities.andwereinheritedinfixed 

He concludedthathe reditarylactors(we nowcallthe m 
genes)de termin e theHcharacteristics.thatthese lactors 
occurinduplicate inparents.andthatthe twocopiesol 
the lactorssegr• gate lromeachothuinthe lo rmationol 
game tes. 

Today.weoltenrelertoMen<lel"slawsofhe,edity.butMenrlel"sresultswere 
oot prese ntedaslaws - wt.khmayhelptoexplainthediffu:ultyothershadin 
seeingtheS,gnifu:anceolhiswori:atthetime 

• hisexpefimentswerecarefullyplanned.anduser:Jla,gesamples 
• ~~s~~::Ofded the numbe" of plants of each type but expressed his 

• inthepea. contrastingcharactefisticsareeasilyrecognized 
• bychance.eac:holthese charactefistics wascontrolled byasingfelacto, 

(gene)•,atherthanbymanygenes.asmosthumancha,ac:teristicsare 
• pai" of contrasting cha,ac:ters that he WOOed on were mntroHed by lac:IO<S 

(genes)ooseparate c~omosomes' 
• ininte,preting restAts. Men<lelmadeuseolthemathematicshehadlea,nt 

•Genesandchro=~werenotknownthen 

Featuresofthe gard enpea 

''" "'·'' "= (ID c,· .. cotyledons . 
(seedl •aves) .·._ ~'::,, -~ 

dwarfv.tallpla nts 

Taking repeated measurements and large numbers of readings can improve reliability in data 
collection 
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Initially, Mendel investigated the inheritance of a single contrasting characteristic, known as a 
monohybrid cross. Mendel had noticed that the garden pea plant was either tall or dwarf. 

How was ihis canrrairing characrerinic camrolled! 
Mendel's investigation of the inheritance of height in pea plants began with plants that 

always 'bred true' (Figure 3.16). This means that the tall plants produced progeny that were all 
tall and the dwarf plants produced progeny that were all dwarf, when each was allowed to self­
fertilize. Self-fertilization is the normal condition in the garden pea plant. 

Mendel crossed true-breeding tall and dwarf plants and found the progeny (the F1 
generation) were all tall. The offspring were allowed to self-pollinate (and so self-fertilize) to 
produce the second (F2) generation. The progeny of this cross consisted of both tall and dwarf 
plantsintheratioof3tall:l dwarf. 

In Mendel's interpretation of the monohybrid ctoss he argued that, because the dwarf 
characteristic had apparently disappeared in the F1 generation and reappeared in the F1 
generation, there mun be a factor conttolling dwarfness that remained intact from one 
generation to another. However, this factor for 'dwarf did not express itself in the presence of a 
similar factor for tallness. In other 11-Urds, as characteristics, tallness is dominant and dwarfness 
is recessive; the dominant allele totally masks the effects of a recessive (non-dominant) allele 
Logically, there must be two independent factors for height, one received from each parent 
A sex cell (gamete) must contain only one of these factors 

Mendel saw that a 3:1 ratio could be the product of randomly combining two pairs of unlike 
factors (T and t, for example). This can be shown using a grid, now known as a Punnett grid, 
after the mathematician who first used it (Figure 3.17). 

Mendel's conclusions from the monohybrid cross were that 

• within an organism there are h-eeding fact<TS controlling characteristics such as 'tall' and 'dwarf 

• therearet..,,ufuctorsineachcell 

• one factor comes from each parent 

• the fuctors separate in reprOOuction and either one can be passed on to an offspring 

• the factor for 'tall' is an alternative form of the factor for 'dwarf 

• the fuctor for 'tall' is dominant over the factor for 'dwarf'. -­pur.-breedingtallplants 
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pea plants are diploid 
so they have two 
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Notice the use of'P', 'Fi' and 'F/ for the three generations involved. Look carefully at the use of 
a Punnett grid to represent the process and prOOucts of the Fi cross. This device shows clearly 
the combining process of the gametes. The fractions represent the probabilities that particular 
gametesandzygoteswilloccur. 
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• Tablel.SMendel"s 

late r experimental 

Mendel never stated his discoveries as laws, but it would have been helpful ifhe had done so. 
For example, he might have said, 'Each characteristic of an organism is determined by a pair of 
factors of which only one can be present in each gamete.' 

Today we call a similar statement Mendel's First Law, the Law of Segrega tion: 
'The characterist ics of an organ ism are controlled by pairs of alleles wh ich separate in 

equal numbers into different gametes as a result of meiosis.' 

• Comparison of predicted and actual outcomes of genetic 
crosses 

The actual results that Mendel obtained in three of his later invest igations of inheritance in the 
gardenpeaplantwereasshowninTable3.5. 

Number show ing Number showing 
dominant character recess ive character 

Colour of seed coat greyxwhite 705gr!.')' 
Colour of cotyledons yellowx qreen 6012yelklw l001 grl'!'n 

Now answer the queirian below. 

, a These experiments followed on from Mendel's cross shown in Figure 3.16 and developed Imm the 
rnndusiom he made as a result of the first mooohybrk! aoss. State what ratio of offspring he would 
havepredictedlmmtheseaosses 

b calculate theactualratiosobtained ineacholthesecrosses 
c Suggest whatchanceeventsmay inMuencetheactlJalratiosoloffspringobtainedinb reeding 

experiments like these. (We will return to this i1s.ue at a later point. For example, the statistical test 
knownasthechi-squaredtestcan beappliedtotheresultsofgenetkuossesto testwhethertheactlJal 
re1Ultsaredoseenoughtothepredicted1esultstobesfgnificant.) 

• Genotype, phenotype and the test cross 
The alleles that an organism carries (present in ewry cell) make up the genotype of that 
organism. A genotype in which the tl'U alleles of a gene are the same is said to 'breed true' or, 
more scientifically, to be homozygous for that gene. In Figure 3.17, the parent pea plants 
(P generation) were either homozygous tall or homozygous dwarf. 

If the alleles are different, the organism is heterozygous for that gene. In Figure 3.17, the 
progeny (F1 generation) were heterozygous tall. 

7 State whether .i person with sidle-cell trail (page 134) is homaz)l{Jous or heterozygous for sickle-cell 
hemogklb in 

So the genotype is the genetic constitution of an organism. Alleles interact in Vllrious ways and 
with environmental factors. The outcome is the phenotype. The phenot ype is the way in which 
the genotype of the organism is expressed - including the appearance of the organism 
In Mendel's monohybrid cross (Figure 3.17) the heights of the plants were their phenotypes. 

If an organism shows a recessive characteristic in its phenotype (like the dwarf pea) it must 
have a homozyg= genotype (tt). But if it shows the dominant characteristic (like the tall pea) 
then it may be either homozygous for a dominant allele (TT) or heterozygous for the dominant 
allele (Tt). In other l'Urds, T T and T t look alike; they have the same phenotype but different 
genotypes 

Plants like these can only be distinguished by the offspring they produce in a particular cro;;s. 
When the tall heterozygous plants (Tt) are crossed with the homozygous recessive plants (tt), the 
cross yields 50% tall and 50% dwarf plants (Figure .3.18). This type of cross has become known as a 
test cross. If the offspring are all tall, then we know that the tall plants under test are homozygous 
plants (TI). Of course, sufficient plants have to be used to obtain these distinctive ratios. 

I Construct .itabletoexplaintherel.1tionshipbetweenMendel'1LawofS1'greg.1tionandmeiosis 
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(meiosis) 

Mendel"< throries were not .ic:ceptl.'d by the scientific community for a kmg ~me. What factors would 
enrnur..getheacceptanceofnewklea1bythe1cientificrnmmunity? 

Modification of the 3:1 monohybrid ratio 
In certain types of mono hybrid cross the 3:1 ratio is not obtained. T 11U of these situations are 
illll'ltratednext 

C odominance - when both alleles are expressed 

In the case of some genes, both alleles may be expressed simultaneously, rather than one being 
dominant and the other recessive. For example, in the common garden flower AmiTThinum, 
when red.flowered plants are crossed with white.flowered plants, the F1 plants have pink flowers 
When pink.flowered Amirrhinum plants are crossed, the Fi offspring are found to be red, pink 
andwhiteintheratio 1:2:1 respectively. 

Pink colouration of the petals occurs because both alleles are expres.sed in the heterozygote -
both a red and a white pigment system are present. Red and white are codominant alleles. 
In genetic diagrams, codominam alleles are represented by a capital letter for the gene, and 
different superscript capital letters for the two alleles, in recognition of their equal influence 
(FigureJ.19). 
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9 Const ruct foryourself{usingpencil andpapel)amonohybrkluossbetweencattleofavar~tythat has 
a gene for mat rnlour with rl.'d and white rndominant alleles. Homozygous red and homozygous white 
parents cross to produ{e roan offspring (red and white hairs together). Predict what off'ipring you would 
exp{'{tandinwhatprnportkm1.whenasibl ingcrns1(equivalenttoselfinginplants)occursbetweenroan 
offspring 

More than two alleles exist for a particular locu s 

The genes introduced so for exist in two forms (two alleles), for example the height gene of the 
garden pea exists as tall and dwarf alleles. This means that in genetic diagrams we can represent 
alleles with a single letter (here, Tor t) according to whether they are dominant or recessive. 

For simplicity we began by considering inheritance of a gene for which there are just two 
alleles. Hcw,ever, we now know that not all genes are like this. In fact , mo,t genes have more 
than two alleles, and these are cases of genes with multiple alleles. 

With multiple alleles , we choose a single capital letter to represent the locus at which 
the alleles may occur, and the individual alleles are then represented by an additional single 
letter (usually capital) in a superscript position - as with codominant alleles. An excellent 
example of multiple alleles is found in the genetic control of the ABO blcod group system in 
humans. Human blcod belongs to one of four groups: A, B, ABorO. Table 3.6 lists the possible 
phenotypes and the genotypes that may be responsible for each blcod group. 
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So, the ABO blood group system is determined by combinations of alternative alleles. In each 
individual, only two of the three alleles exist, but they are inherited as if they were alternative 
alleles ofa pair. However, JA and 18 are codominam alleles and both JA and 18 are dominant to 

the recessive F In Figure 3.20 the way in which the alternative blood groups may be inherited 
is shown 

10 One busy night in an understaffed maternity uni~ four children were born at about the same time 
The babies were muddled up by mistake; ii was not certain which child belonged to which fam ily 
Fortunately.thechildrenhaddillerentbloodgroups:A.B.ABandO 

The parents· Mood groups were also known 
• MrandMrsJone1 A xS 

a •O 
• MrandMrsGerber o xO 
• Mr and Mrs Santiago AS xO 

The nurses were able to decide which chikl beklnged to which family. Deduce how this w a1 done 
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• Human inheritance investigat ed by pedigree chart 
Studying human inheritance by experimental crosses (with selected parents, sibling crosses, 
and the production of large numbers of progeny) is out of the question. Instead, we may 
investigate the pattern of inheritance by researching a family pedigree, where appropriate 
records of the ancestors exist. A human pedigree chart uses a set of rules. These are identified 
inFigure.3.21 

parents 

• Rgure3.21 Anexampleofahumanpedlgreechart 

11 lnthehumanpedigreech.irtin Figure3.21 state 
a whoarethefema~grandchildrenofRidiardandJudith 
b whoareA!an"1{i)gran~ar!'lltsand(ii)uncle1 
c how many people in the chart have parents unknown to us 
d the n.ime1 of two offspring who are rnu1ins 

Analysis of pedigree charts to deduce the pattern of inheritance 
We can use a pedigree chart to detect conditions that are due to dominant and recessive alleles 
In the case of a characteristic due to a dominant allele, the characteristic tends to occur in one 
or more members of the family in every generation (Figure 3.13). On the other hand, a recessive 
characteristic is seen infrequently, often skipping many generations. 

For example, albinism is a rare inherited condition of humans (and other mammals) in 
which the individual has a block in the biochemical pathway by which the pigment melanin 
is formed. Albinos have white hair, very light-coloured skin and pink eyes. Albinism shows 
a pattern of recessive monohybrid inheritance in humans. In the chart shown of a family 
with albino members, albinism occurs infrequently, skipping two generations altogether 
(Figure.3.22). 

Brachydactyly is a rare condition of humans in which the fingers are very short 
Brachydactyly is due to a mutation in the gene for finger length. Unusually, the mutant allele 
is dominant , so the condition shows a pattern of dominant monohybrid inheritance; that is, it 
tends to occur in every generation in a family (Figure 3.23) 
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• Sex chromosomes and gender 
In humans, gender is determined by specific chromosomes known as the sex chromosomes. Each 
of us has one pair of sex chromosomes (either XX or XY chromosomes), along with the 22 other 
pairs (known as autosonral chromosomes) 

Egg cells produced by meiosis all carry an X chromosome, but 50% of sperms carry an 
X chromosome and 50% carry a Y chromosome. At fertilization, an egg cell may fuse with 
a sperm carrying an X chromosome, leading to a female offspring. Alternatively, the egg cell 
may fuse with a sperm carrying a Y chromosome, leading to a male offspring. So, the gender 
of offspring in humans (and all mammals) is determined by the male partner. Also, we would 
expect equal numbers of male and female offspring to be produced over time by a breeding 
ropulation(Figure3.24). 
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Human X and Y chromosomes and the control of gender 
Initially, male and female embr)Os develop identically in the uterus. At the seventh week of 
pregnancy, however, a cascade of developmental events is triggered, leading to the growth of 
male genitalia if a Y chromosome is present in the embryonic cells. 

On the Y chromusome is the prime male.determining gene. This gene codes for a protein 
called testis-determining factor (TDF). TDF functions as a molecular switch; on reaching the 
embryonic gonad tissues, TDF initiates the production of a relatively low level of testosterone. 
The effect of this hormone at this stage is to inhibit the development of female genitalia, and to 
cause the embr)Onic genital tissues to form testes, scrotum and penis. 

In the absence of a Y chromosome, the embryonic gonad tissue forms an cwary. Then, partly 
under the influence of hormones from the m"ary, the female reproductive structures develop. 

Pairing of X and Y chromosomes in meiosis 
We know that homologous chromosomes pair up early in meiosis (Figure 3.10, page 145). Pairing 
is an essential step in the mechanism of meiosis. However, only a very small part of the X and Y 
chromosomes of humans have complementary alleles and can pair up during meiosis. The bulk of the 
X and Y chromosomes contain genes that have no corresixinding alleles on the other (Figure 3.25). 
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The short Y chromosome carries genes speciftc for male sex determination and sperm 
production, including the gene that cOOes for IDF, which, as we have seen, switches 
development of embr)'Unic gonad tissue to testes early in embryonic development. 

The X chromosome carries an assortment of genes, very few of which are concerned with sex 
determination 

We shall examine the effects of some of the alleles of these genes next. 
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Sex linkage 
Genes present on the sex chromosomes are inherited with the sex of the individual. They are 
said to be sex-linked characteristics. Sex linkage is a special case of linkage occurring when a 
gene is located on a sex chromosome (usually the X chromosome). 

The inheritance of these sex-linked genes is different from the inheritance of genes 
on the autosomal chromosomes. This is because the X chromosome is much longer than 
the Y chromosome (since many of the genes on the X chromosome are absent from the 
Y chromosome). In a male (XY), most alleles on the X chromosome lack a corresponding allele 
on the Y and will be apparent in the phenotype even if they are recessive. 

Meanwhile, in a female (XX), a single recessive gene on one X chromosome may be masked 
by a dominant allele on the other X and would not be expressed. A human female can be 
homozygous or heterozygous with respect to sex-linked characteristics, whereas males have only 
one allele. 

A heterozygous individual with a recessive allele of a gene that does not have an effect on 
their phenotype is known as a carrier; they carry the allele but it is not expressed. So, female 
carriers are heterozygous for sex-linked recessive characteristia. Of course, the unpaired 
alleles of the Y chromosome are all expressed in the male. Hcw,ever, the alleles on the (short) 
Y chromosome are mostly concerned with male structures and male functions. Examples of 
recessive conditions controlled by genes on the X chromosome are red- green colour blindness 
andhemophilia 

R ed-green colour blindness 

A red-green colour-blind person sees green, yellow, orange and red as the same colour. 
The condition afflicts about 8% of males, but only 0.4% of females in the human population. 

----- This is because a female with normal colour vision may by homozygous for the normal colour-

~e1::~0;~~tii~n :~:~!~:1:n(:~:ir ~~i:~ ::\~s~:r::::~s~::~:v~
0
~~:~~~~el~Xt::kbf~ ~~::~:: 

red- green colour extremely rarely. On the other hand a male with a single recessive allele for red- green colour 
blindi1repre,;ented vision(XbY)willbeaffected 
E11.pl ; ln why it is The inheritance of red-green colour blindness is illustrated in Figure 3.26. It is helpful for ~~~i:~e~~:ave those who are red-green colour blind to recognize their inherited condition. Red- green colour 

_____ blindnessisdetectedbytheuseofmulticolouredtestcards. 
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H emophilia 

If a break occurs in the circulatory system of a mammal, there is a risk of uncontrolled bleeding 
Usually, this risk is averted by the blood clotting mechanism (page 272). Hemophilia is a rare, 
genetically determined condition in which the blood does not clot normally. The result is 
frequent and excessive bleeding. 

There are two forms of hemophilia , known as hemophilia A and hemophilia B. They are 
due to a failure to produce adequate amounts of particular blood proteins that are essential 
to the complex blood clotting mechanism. Today, hemophilia is effectively treated by the 
administration of the clotting factor that the patient lacks 

Hemophilia is a sex-linked condition because the genes controlling production of these 
blood proteins are located on the X chromosome. Hemophilia is caused by a recessive allele. 
A:; a result, hemophilia is largely a disease of the male - since a single X chromosome carrying 
the defective allele (XhY) will result in disease. For a female to ha'"e the disease, she must be 
homozygous for the recessive gene (XhXh), but this condition is usually fatal in the uterus , 
typicallyresultinginanaturalabortion 

A female with only one X chromosome with the recessive allele (XHXh) is described as a 
carrier. She has a normal blood-clotting mechanism. When a carrier is partnered by a normal 
male, there is a 50'lt, chance of the daughters being carriers and a 50'lt, chance of the sons having 
hemophilia(Figure3.27). 

14 Hemophilia results from a sex-linked gene. Toe dise.ise is most rnmmon in males. but the hemophilia allele 
is oo the X chromosome. EKplaln this .ipparent anomaly 
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Genetic diseases are caused by inheritance of a gene or genes. Ma,t arise from a mutation 
involving a single gene. About 4000 disorders of humans have a genetic basis, and they affect 
between 1 and 2% of the human population. More than half of the known genetic diseases 
are due to a mutant allele that is recessive and in these cases a person must be homozygous for 
the mutant gene for the condition to be expressed. However, people with a single mutant allele 
are 'carriers' of that genetic disease. Quite surprising numbers of us are carriers of one or more 
conditions. 

Common genetic diseases include sickle<ell disease (pages 133- 134), Duchene muscular 
dystrophy, sen~re combined immunodeficiency (SCID), familial hypercholesterolemia, hemqihilia 
(page 160),thalas.semiaandcysticfibrosis 

Cystic fibrosis is the most common genetic disease among Caucasians (4% of people of 
European descent carry one defective allele for cystic fibrosis). The disease is due to a mutation 
of a single gene on chromosome 7 and it affects the epithelial cells of the body. The normal 
CF gene cOOes for a protein which functions as an ion pump. The pump transports chloride 
ions across membranes and water follows the ions, so epithelia are kept smooth and moist . The 
mutated gene cOOes for no protein or for a faulty protein. The outcomes are that epithelia remain 
dry and there is a build-up of thick, sticky mucus. The effects are felt 

• in the pancreas - here, secretion of digestive juices by the gland cells in the pancreas is 
interrupted by blocked ducts 

• the sweat glands, where salty sweat is formed - a feature exploited in diagnosis 

• in the lungs which become blocked by mucus and are prone to infection - this effect can be 
life-threatening 

• by adult patients in their reprOOuctive organs - the epithelial membranes here are 
affected too. 
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In Figure 3.28 we see the pedigree chart typical of a rece:;sive characteristic - the condition is 
seen infrequently, often skipping many generations 

A small percentage of genetic diseases are caused by a dominant allele. Huntington's disease 
is due to an autosomal dominant allele on chromosome 4. The disease is extremely rare (I case 
per 20 CXXl live births). Appearance of the symptoms is delayed until the age of40- 50 years, by 
which time the affected person - unaware of the presence of the disease - may have passed on 
the dominant allele to his or her children 

The disease takes the form of progressive mental deterioration, accompanied by involuntary 
muscle movements (twisting, grimacing and staring in 'fear'). 

In a pedigree chart of a family with Huntington's disease, the condition ends to occur in one 
or more members of the family in every generation - a characteristic due to a dominant allele. 

What causes generate genetic disease and cancers? 
An abrupt change in the structure, arrangement or amount of DNA of chromosomes may 
change the characteristics of an organism or of an individual cell in which they occur. This is 
because the change, a mutation, results in the alteration or non-production of a cell protein 
(via the mRNA which codes for it). While many mutations are neutral in outcome, some are 
harmful and some are lethal 

Mutations that occur in lxxly cells of multicellular organisms are called somatic mutations. 
They are only passed on to the immediate descendants of that cell. However, we have already 
seen that somatic mutations can also be the cause of a cancer (page 58). Somatic mutations do 
occur with increasing frequency as an organism ages; cancers are more common in elderly people 
than in the young. These mutations are eliminated when the cells die. 

On the other hand, mutations occurring in the cells of the gonads (germ,\ine mutations) 
give rise to gametes with an altered genome. These can be inherited by the offspring and so be 
the cause of genetic changes in future generations - including genetic diseases 

Changes in the sequence of bases in the DNA of a gene may occur sponraneously as a result 
of errors in DNA replication, although these are extremely rare since DNA polymerase has a 
built-in checking mechanism that works as it operates (page 109). 

Alternatively, mutations can be caused by environmental agents that we call mutagens 
These can include ionizing radiation in the form of X-rays, cosmic rays and radiation from 
radioactive isotopes (u, ~ and y rays). Any of these can cause the break-up of the DNA molecule. 
Non-ionizing mutagens include UV light and various chemicals, including carcinogens in 
tobacco smoke (tar compounds). These act by mo.:lifying the chemistry of the base pairs of DNA. 
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Catastrophic world events involving ionizing radiation 
World ewnts where huge populations have been suddenly exposed to catastrophic levels of 
ionizingradiationarelistedinTable3.7. 

6 August 1945 at Explosion of an atomk: bomb consisting of manium"'. equivalent to 18000tonnes 
Hiroshima.Japan of TNT. 
9 August 1945 at Exposion of ,m atomic bomb rnmisting of ~utooium"". equiv a tent to 20000 tonnes 
Nagasaki.Japan of TNT. 
26 April 1986 at Explosion and meltdown of an atomk: reactor. The r..d iatkm released is estimated at 
Chemobyl. Ukraine least 200 times that released by the .itomic bomb exposiom in Japan in 1945 

Deaths at these horrific events result from physiological traumas due to blast, heat, fire 
and radiation effects. These forces claim many lives in very distressing circumstances, 00th 
immediately and in the weeks that follow. If genetic changes are induced by exposure to 
radiation (00th from the initial exposure and subsequently, because some of the radioisotopes 
released have very long half-lives), these become detectable much later. To be confident of cause 
and effect of symptoms that develop, comparisons with data from the study of control groups is 
essential. 

For example, assessments of the effects of radiation exposure in survivors of the atomic 
bombs in Japan over subsequent decades were conducted on 93 OOO atomic-bomb survivors set 
against a control group of 27 OOO people. The incidence of cancer in survivors aged 70 years 
who were exposed at age JO years was significantly higher for both men and women than in the 
control groups. 

However, detection of human germ-cell mutations has been difficult. While very high 
doses of radiation applied to experimental animals have caused major disorders among 
offspring, little evidence of clinical effects has yet been seen in children of A-bomb survh·ors 
Given the relatively low average dose to survivors, the results are not surprising. However, it is 
unlikely that humans are entirely free from induction of germ cell mutations following earlier 
irradiation 

Because of the unprecedented scale of the more recent nuclear power-station accident at 
Chernobyl, no one can predict what the fu ture holds for those involved and who continue 
to be exposed to raised background levels of radiation. Several million people living there 
received the highest known exposure to radiation in this 'atomic age'. Huge increases in 
cancers, particularly breast cancer and thyroid cancer occurred. The epidemic of thyroid 
cancerhasyettoabate. 
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However, the actual number of deaths directly attributable to Chernobyl has been lower than 
expected. A United Nations report in the past decade concluded: 

• among the 200 OOO workers exposed in the first year after the accident, 2200 radiation deaths 
canbeexpected 

• the total of deaths attributable to radiation may reach 4000, based on the estimated doses 
received. 

In a zone of about 18 miles diameter around the abandoned nuclear prn,,er site at Chernobyl 
radiation levels remain far too high for humans to be permitted to return either to the 
abandoned town or to surrounding agricultural land. The place is not deserted, however. With 
the passage of 20 years since the meltdown, the area has become a natural woodland with a 
rich flora and fauna. It is now home to more than 66 different species of mammals and 
280 species of birds. The current radiation levels are apparently not shortening these animals' 
natural life expectancies. When, if ever, humans can safely return there to live may be a 
different matter. 

3.5 Genetic modification and biotechnology 
- biologists have developed techniques for artificial manipulation of DNA, cells and 
organisms 

Today, biologists have developed techniques for artificial manipulation of DNA, cells and 
organisms. These gene technologies have followed on from the discovery of the structure and 
role of DNA as the unh'ersal code, the application of electron microscopy to cell biology, 
and the ability to isolate viable cell organelles for in vitro studies in biochemistry. These skil1s, 
together with advances in enzymology, are the basis of gene technology. 

TOOay, this new technology includes the following processes: 

• Genetic engineering - the transfer of a gene from one organism (the donor) to another (the 
recipient) . For example, genes coding for human insulin, for human growth hormone, and for 
blood clotting factors (Factor VI11) have all been transferred to bacterial cells. Human genes 
havealsobetransferredtoeukar)Uticcells,suchasyeastsand(X)tato. 

• DNA sequencing - the creation of genomic libraries of the precise sequence of nucleotides 
in the DNA of individual organisms. The nucleotide sequence in the whole human genome 
was the prOOuct of the Human Genome Project (HGP, page 135). 

• Genetic fingerprinting - in which DNA is analysed in order to identify the individual from 
which the DNA was taken. It is now commonly used in forensic science (for example, to 
identify someone from a blood or other body fluid sample and to identify botanical evidence 
from samples of pollen and plant fragments) and to establish the genetic relatedness of 
individuals. It is also used to determine whether individuals of endangered species have been 
bredincaptivityorcapturedinthewild 

The gene technolog ist's too l-kit 
It was the discrn'ery and isolation of four naturally occurring enzymes that now makes possible 
the manipulation of individual genes. We meet these enzymes in other contexts, but here it is 
significant that some of these enzymes are now obtained from bacteria we call extremophiles 
(page 227). In these organisms, enzymes are adapted to function at optimum rates under extreme 
conditions, including, for example, very high or low temperatures. We shall discuss how these 
individual enzymes work, shortly. They are introduced in Table 3.8 
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The'>!' enzymes are extractl.'d mainly from microorganisms or viru:s.es. and are used to manipu late nucleic 
acidsinve precisewa s 

Gene technologies - their significance for science and society 
Gene technologies have applications in biotechnology, medicinal drug production (in the 
pharmaceuticals industry), the treatment of genetic diseases, in agriculture and in forensic 
science. Consequently, genetic technologies genernte many potential benefits for humans, but 
there are potential hazards, too. Sometimes, the economic advantages may be out·weighed by 
environmental drawbacks or dangers. Thus, gene technologies raise ethical issues that require 

_____ balanced and informed judgments to be made by communities. 

• Tw o processes central to genetic engineering 

1 Electrophoresis 
Gel electrophoresis is a process that is used to separate molecules such as proteins and 
fragments of nucleic acids. It is widely applied in many studies of DNA. For example, it is 
central to investigation of the sequence of bases in particular lengths of DNA, known as DN A 
seq uencing. It is also used in the identification of individual organisms and species, known as 
genetic profiling. We will review these applications shortly. 

The principle and practice of electrophoresis 

In electrophoresis, proteins or nucleic acid fragments (either DNA or RNA) are separated on the 
basis of their net charge and mass. Separation is due to the following factors 

• Differential migration of these molecules through a supporting medium - typically this is 
either agarose gel (a very pure form of agar) or polyacrylamide gel (PAG). In these media, the 
tiny pores in the gel act as a molecular sieve; small particles can move quite quickly, whereas 
larger molecules move much more slowly 

• The electrical charge that molecules carry - it is the phosphate groups in DNA fragments 
that give them a net negath·e charge. Consequently, when these molecules are placed in an 
electric field, they migrate towards the positive pole (anOOe). 

There is a double principle of electrophoretic separation: separation occurs on the basis of size 
and charge 

DNA fragments are prOOuced by the actions of one or more restriction enzymes. Different 
restriction enzymes cut at particular base sequences, as and where these occur along the length 
of the DNA. Consequently, fragments of different lengths are produced 

A series of groves or wells are cut close to one end of the gel, which is then submersed in 
a salt solution that conducts electricity. Then a small quantity of a mixture to be separated is 
placedinawell.Severaldifferentmixturescanbeseparatedinasinglegel,atonetime 
(Figure 3.30). Animations of electrophoresis are available at 

• www.dnak.org/resourCWanimations/gelelectrophoresis.html 

• http:lleam.genetics.utah.edulcontentllabs/gel/ 
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• Flgure3.30 
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After separation, the fragments are not immediately visible - they are tiny and transparent 
They can be identified by gene probes and DNA stains: 

• Gene probes - these consist of single-stranded DNA with a base sequence that is 
-,.-,-,,-,,-1a-h=-- complementary to that of a particular fragment or gene whose position or presence is sought. 

e!ectrophoreiis The probe must be made radioactive so that, when the treated gel is exposed to X..ray 
wo r1';1. o utline the film, the presence of that particular probe and complementary fragment will be disclosed. 

andpowermpp!y 
inek>ctrophore1i1 

Alternatively, the probe can have a fluorescent stain attached. It will then fluoresce 
distinctively in UV light, thereby indicating the presence of the particular fragment or gene 
that is sought. 

• Stains - these immediately locate the position of all DNA fragments once applied 
Stains include: 

D ethidium bromide - DNA fragments fluoresce in short-wave UV radiation 

D methylene blue - stains gel and DNA, but colour fades quickly. 

2 The polymerase chain reaction 
In the polymerase chain reaction (PCR), double-stranded DNA is amplified, meaning many 
copies are made (Figure 3.31). Often, it is only possible to produce or recover a very small 
amount of DNA (such as in genetic engineering or at a crime scene). Minute DNA samples can 
be amplified by PCR. In PCR, DNA is replicated in an entirely automated process, in vitro, to 

produce a large amount of the sequence. A single molecule is sufficient as the starting material, 
shouldthisbeallthatisavailable. Theproductsareexactcopies. 

The heat-resistant polymerase enzyme used in PCR is obtained from a bacterium found in 
hot springs. The steps in PCR are of special interest, as they show us the importance to genetic 
engineering of the discovery of the extremophiles, with their uniquely adapted enzymes. 
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• Gene technology applied to human insulin production 
One of the earliest succMul applications of these techniques was when the human genes for 
insulin production were transferred to a strain of the bacterium E.schcrichia coll. Insulin consists 
of two short polypeptides linked together by sulfide bridges. Once the hormone is assembled 
from its component polypeptides, it enables body cells to regulate the blood sugar level 
(page 302). Regular supplies of insulin are required to treat insulin-dependent diabetes. Cultures 
of E. coli ha'"e been 'engineered' to manufacture and secrete human insulin, when cultured in 
a bulk fermenter with appropriate nutrients. The insulin is extracted and made available for 
clinical use. We look into this technique now (Figure 3.32). 

2geneintovector 
lortr.:m,portto 

5switchingoo --
• Fl g ure3.32 Thestepstogenetlceng lneerlngof E. co//forlnsu lln p rod uctlo n 

Obtaining a copy of the human insulin genes by isolating mRNA 
One way to obtain a copy of the genes for insulin is to start with messenger RNA (mRNA), 
rather than searching for the gene itself among the chromosomes. The human pancreas contains 
patches of cells (islets oflangerhans, Figure 6.53, page 302) where insulin is produced. Here the 
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insulin genes in the nuclei of the cells are transcribed to produce mRNA. This passes out of 
the nucleus to the ribosomes in the cytoplasm where the sequence of bases of the mRNA is 
translated into the linear sequence of amino acids of the insulin ptoteins. 

There is a particular adnmtage in making a copy of a gene from the mRNA it codes for. 
This is explained later in this chapter (page 173). First , let's consider the process. It invoh-es: 

• mRNA for insulin being isolated from a sample of human pancreas tissue 

• the use of the enzyme reverse transcriptase (obtained from a retrovirus other than HIV) 
alongside the isolated mRNA to form a single strand of DNA 

• the conversion of this DNA into double-stranded DNA, using DNA polymerase. In this 
way the gene is manufactured (figure 3.33). This form of an isolated gene is known as 
complementary DNA (cDNA) 
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Inserting the DNA into a plasmid vector 
In genetic engineering it is the plasmids of bacteria that are commonly used as the vector for 
the transference of amplified genes. Many bacterial cells have plasmids in addition to their 
chromosome. They are small, circular, DNA molecules that are passed on to daughter cells when 
the bacterium divides. They were seen in Figure 1.32 (page 29), and are shown in Figure 3.34 
Plasmids have first to be isolated from the cytoplasm of a sample of the strain of bacteria being 
usedfortheamplificationprocess. 

Then the DNA of the plasmid is cut open using a restriction enzyme (restriction 
endonuclease). The restriction enzyme chosen cleaves the DNA at a specific sequence of bases, 
known as the 'restriction site'. The restriction enzyme selected leaves exposed specific DNA 
sequences, referred to as 'sticky ends'. These are short lengths of unpaired bases, and are formed 
at each cut end (Figure3.J4). 
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11 Ex.plain Now, copies of the same sticky-end sequence must be created on the insulin cDNA. This is done 
a what is meant by by addition of short lengths of DNA that are then 'trimmed' with the same restriction enzyme 

a ·sticky end' In this way, complementary 'sticky ends' now exist at the free ends of the cut plasmids and the 
b how one stid:y cDNA for insulin, making it possible for them to be 'spliced' together into one continuous ring 
~~!;:~~~~ a of DNA. The enzyme ligase catalyses the formation of a new C- 0 bond between the ribose and 
sticky end phosphate of the DNA 'backbones' being joined together. Energy in the form of ATP is needed 

----- to bring the reaction about. The steps are summarized in Figure 3.35. 
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• Rgure3.3S Uslngapl.1smld,1s,1vectorfor the'lnsulln'gene 

l-1-;~;ldl!!m,11111 A note on restriction enzymes 
WQ@M, Restriction enzymes occur naturally in bacteria. They are believed to have evolved as a defence 

mechanism against invading viruses, for inside the bacterial cell they selectively cut up foreign 
nucleic acids. Many different restriction enzymes have been identified as useful by genetic 
engineers, and are named after the b-acterium from which they are isolated (genus, species and 
strain,Table3.9) 

Name Source organism Recognition sequence 

;;:r:;1:~::~:::d ~:~::~':-, --~::~~~~~.:~;~~q-,e-,,_-. --~GAA= n ~c -----

Hindlll Hemophi/us influenza 

Inserting the plasmid vector into the host bacterium 
In the next step, recombinant plasmids are returned to b-acterial cells. This is a challenge, since 
the cell wall is a b-arrier to entry. The ways in which this may be done are shown in Figure 3.36. 
Once this has been brought about , the bacteria are described as 'transformed'. 
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... L .... 
• Fl gure3.36The return of recomblnant plasmldstothebacterlum 

Identifying transformed bacteria prior to cloning 
Unfortunately, only a limited number of the cells of a culture of bacteria, treated as shown in 
Figure 3.36, successfully take up recombinant plasmids; the proportion of transformed bacteria 
may be as low as 1%. Only these bacteria will be able to synthesize insulin. It is these bacteria 
that must be cloned and then cultured in a fermenter, if a significant amount of product 
(insulin) is to be produced 

Successfully transformed bacteria may be selected by the use of a plasmid with antibiotic 
resistance genes (R plasmids). The process is summarized in Figure 3.37. Here the transformed 
bacteria are cloned and then cultured in a fermenter. Note that, while the antibiotic resistance 
genes of R·plasmids were the first used 'markers', because of the long.term safety i.lsues that their 
use raises , other markers have been developed. We return to this i.lsue later. 

A new development in insulin production 
-,.-,-,,-,,-,.-w-hy-- Insulin consists of two polypeptide chains, A and B, joined together by covalent disulfide bonds 

the genes of (- CHz-S-S--CH1- ) (Figure 2.32 , page 91). Two separate genes code for each of the polypeptides 
prokaryote1 are that make up insulin. fu a consequence, separate plasmids had to be engineered, one for 
genera lly easier to polypeptide A and one for B. Genetically engineered E. coli containing bmh types of plasmid 

_ ~_,":_ui_~_it_et_0 '_' _ :~~ tf~~:::t:}!:~11~~:~;:/::1;!~::~~~::u::::\~:~~~~ated to promote disulflde 

These complications are now avoided by the use of genetically engineered yeast cells for 
insulin production, rather than E.coli. (Remember, ~·east is a eukaryotic cell with a range of 
organelles, but it also contains plasmids.) In a eukaryotic cell, proteins for secretion from the cell 
are manufactured by ribosomes of the RER, and transferred to the Golgi apparatus (Figure 1.27, 
page 25). Here, insulin is converted into its normal quaternary structure prior to discharge from 
the transformed yeast cells 

Alternative markers for genetic engineering 
A marker is a gene which is transferred along with the required gene during the process of 
genetic engineering for recognition purposes; it is used to identify those cells to which the gene 
has been successfully transferred. In the production of insulin in E. co!i the original markers 
wereantibioticresistancegenes(Figure3.37). 

Now alternatives are preferred. This is because of the potential risk that the antibiotic 
resistancegenecouldbeaccidentallytransferredtootherbacteria, including pathogenic strains 
of E. coli or even other pathogens. The outcome l'UUld be an 'engineered' disease-causing 
microorganism that was resistant to one or more antibiotics. 
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• Rgure3.37Rplasmldsforselectlnggenetlcallymodlfledbacterla 

Genes that produce fluorescent substances are now used as markers (Figure 3.38) instead of 
antibiotic resistance genes, alongside the cDNA of the desired gene. Both genes are linked to a 
special promoter. The marker gene is expressed only when the desired ge-ne has been successfully 
inserted into plasmids and these are present in transformed bacteria. Transformed bacterial 
colonies glow under UV light! 
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Another method of isolating genes for genetic engineering 
Converting mRNA cooing for the insulin genes imo cDNA, as deccribed above, has the advamage of 
yielding copies of the ~e, wichour their short lengths of'rvmense' DNA (known as introns). Within 
the cell, after transcription of the axli.ng strand in the nucleus, editing out of the introns is a natural 
and essentials~ However, it is no( easy for a genetic engineer to carry out this process in t'itm 

20 Dis ting ui sh between these pairs 
a genotypea!ldgenome 
b restrictionendonucleaseandligase 
c abac:terial chrnmommeandaplasmid 
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An alternative methOO is also used to generate genes. It is possible to synthesize a copy of a gene 
in a laboratory where the linear sequence of amino acids of the polypeptide or protein is known 
The data in the genetic code give the sequence of nucleotides from which to construct a copy of 
the gene. 

• Producing transgenic eukaryotes 
Transgenic organisms have genetic material intrOOuced artificially from another organism. 
Manipulat ing genes in eukaT)otes is a more difficult process than in prokaryotes. There are 
severalreasonsforthis,includingthefollowing. 

• Plasmids, the most useful vehicle for moving genes, do not occur in eukaT)otes (except in 
yeasts) and, if introduced, do not always survive there to be replicated 

• Eukaryotes are diploid organisms, so t'M> alleles for every gene are required to be engineered 
into the nucleus. By comparison, prokaq.utes have a single, circular 'chromosome', so only 
onecopyofthegeneisrequired 

Producing tra nsgen ic an ima ls 
Despite the difficulties of engineering eukaryotic cells, several varieties of transgenic animal 
have been prOOuced. For example, sheep have been successfully genetically modified to produce 
a special human blood protein, known as AA T. This protein enables us to maintain lung 

----- elasticity which is essential in breathing movement.I. Patient.I with araregeneticdiseaseare 
21 EKplaln why unable to manufacture AAT protein, and they develop emphysema (destruction of the walls of 

~~~::~~fa the ~e~~~:ct~ai~~:i~~ u:~b~~nt:u~~~}:c~~:~ni~fi;:~:7l· in the laboratory on a 

fertilized egg cell practical scale. However, the human gene for AAT protein production has been identified and 
ii alMJ pas'ied to isolated, and it has been cloned into sheep, together with a promoter gene (a sheep's milk protein 
the progeny of the promoter) attached to it. Consequently the oheep's mammary glands prOOuce the human protein 
an imal that forms and secrete it in their milk, during natural lactations. Thus, human AAT protein is made 

_ f_mm_ fu_,~~ ~'"'- " - available for use with patient.I. 

Producing transgen ic plants 
Many commercially valuable plant species have been genetically engineered and field trials 
undertaken. Transgenic flrn,,ering plants may be formed using tumour-forming Agrobac1erium. 
This soil-inhabiting bacterium sometimes invades broad-leaved plant.I at the junction of stem 

----- and root, and there forms a huge growth called a tumour or crown gall. The gene for tumour 
22 EKplaln why 

plan ts fo rmed 
fmmthe9all ti'i1ue 
will rnntain the 
rernmb4nant gene 
that has been 

formation occurs naturally in a plasmid in the bacterium, known as a Ti plasmid 
Useful genes may be added to the Ti plasmid, using a restriction enzyme and ligase, and the 

recombinant plasmid placed back into Ag,-obac1erium. A host crop plant is then infected by the 
mOOified bacterium. The gall tissue that result.I may be cultured into independent plant.I, all of 
which also carry the useful gene. Commercially ,<1luable plant species that have been genetically 
engineered (and field trials undertaken) include cotton, tobacco, oilseed rape, maize, potatoes, 

_ P_las_ma_· ___ soya and tomatoes. 

R esistance to insect a ttack 

The bacterium Bacillus thuringiemii carries a gene which cOOes for a protein (81 toxin) that is 
toxic to insects. This gene has been isolated and introduced into certain crop plants, including 
commercial maize. The toxin is present in the cells of these genetically engineered plants (8r 
plants) in a harmless form. It requires the alkaline conditions of an insect's gut to be activated. 
(The highly acidic conditions in the stomach of vertebrates, for whom the crops are intended, 
destroys the protein toxin before it can be activated.) There is a question as to whether harmless 
insects, like the monarch butterfly, are at risk from 81 plants (Table 3.10). 



The monarch 
butterfly,andthe 
case for and against 
Bttoxln 
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Themonu chbutte rfl y underthreat? 
This beautiful butterfly hibemates along the rnast of south em Califomia aml in fir forest in Mexirn. but in 
s.pringitundertake1aspectarularmig1ation(olaboot3000miles)inhugenumbers.toitsbreedinggroundin 
the vast American rnm belt Here it feeds on milkweed plants. The observed populations of Monarffis have 
beensevere1y reducedinmanyyea11 

The caseagalnstBtcrops 

B,rnmp!antsexpres1theB,genein 
their pollen.aswell asinthece llsoftheir 
leaves.lnlaboratoryrnnditiom.Monarch 
caterpillarsthatareeoclosedwith 
milkweedplantsheavilydustedwith& 
rnmpollenareseventimesm0<elike/yto 
diethanthernntr~1 

Bt-transgenlccro psarenotthereasonforpopulatlon 
decline 

Tobeatriskin thewild.theMonardllarvaewouldneedtobe 
presentatthebmernmpollenisreleased.andtobeexposedto 
hugeamount1of c0<npollenontheirfoodp!ant1 

Exceptionalweathereventsinrec:entyearshaveseverelyreduced 
thebultl.'fllypopulatioos(anumeasonalsnowstorminl99Skilled 
S-7millionMonardls) 

NaturalPfedalorski ll maoy - onlyS%ofMonard1{a terpi llars 
1urvive.evenonstandardrnmcmps 

Humanactivitiesare thegreatestthreat - thebulleffly'sMexkan 
habitatsarebeingdestmyedbyloggingandthe irCalifomian 
habitats by urban development 

Othe r ben eficia l improvem e nts to crop plants 

----- C.oruiderthefolkwingbenefits. 
2J Suggest what 

advant.ige would • Tolerance to the herbicide glyphosate - the herbicide affects only the weeds and not the crop 
resultfrnm the plant. 

:~neti: ! ~atll'r • Rice plants that produce P-carotene (a precursor of vitamin A) - this vitamin is essential for 
nitrogen lix.abon vision in dim light, and a deficiency leads to blindness. More recently, it has also been shown 
from nodules in that vitamin A is crucial to the functioning of the human immune system; a deficiency of 
leguminous plants vitamin A is the cause of many childhcod deaths from such common infections as diarrhoeal 

:.~~:als such as ~~=~~t~:-"!t:~:s~:;p.UnmOOified rice is deficient in P-carotene. For vast numbers of humans, 

• Benefits and hazards of gene technology 
Genetically mOOified organisms can be produced for specific purposes, relatiwly quickly in some 
cases. They offer enormous benefits. However, geneticists are actually producing n.ew organisms 
when genes are traruferred, so there may be hazards as well as benefits (Table 3.11). 

i4 0<:{asional ;nticles in the Pfes1 make criticisms of genetic modification of food organisms. sometimes with 
al.irmistheadlines . Searc:hthewebforarticle1that giveopposingvii.ws. Construct thef~lowingtousein 
adisc:u11ionwrthyour peers 
a arnncisemmmaryofthecrrticismsth.it arelrequentlymade. avoidingememistlanguageor 

unnecessaryex;iggeration 
b a list of ba!andng arguments in favour of genetic modification of food organisms 
c arnndse statementofyour ownvil.Wonthisi1s.ue 

TOk Unk 
Theuse ofONAforsecuringrnnvictiominlPgal{asesiswellestablished.yetevenuniversally ac{epted 
theoriesareoverturnedinthelightofnewevidence. Wh.1t{rileriaarenece1saryforas1es~ngthereliability 
of evidefl{e? 
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potentlalhazardsof 

gene technology 

The steps to DNA 

fingerprinting 

lnadditiontohumaninsulinproductionbj 
modilil.'dE. roli.humangrowthhormoneand 
bloodclottingFactorVlllhavebeenprodocl.'dby 
genetic: ally modiliedbacteria 

Sugarbeet~antshavebeengenetKallymodified 
tobe"tolerant'ofglyphosateherti.dde(the,;e 
p!ants;ireabletoinactivotetheherbicidewhenitis 
s.prayedoverthem.butthesurrnundingweedsare 
ki lted(Option6) 

Natural resistance to att..c:kbychewingin,;ectshas 
re1ultedfromtheengineenngofthegene1forB1 
toxinintouopplants(potato. cotton and maize). 
11.'docingtheneedforextemive..eriallf)faying 
ofexpen1iveimectidde1,themselvesharmfulto 
wHd life 

Bioremediation is the removal of toxic rnmpounds. 
carc:inogemandpol lutants.mchasindustrial 
solvents,bymiaoorg,mismsthataregenetically 
modifil.'dtodegradethe-;esub1tance1into1afer 
molerules. Theprocessisllow. 

Therea1eon-goingattempt1tousegene 
tl'Chnologytotreatgeneticdise.ise1.stJChas 
cysticfibro1is{page161)<mdseverernmbined 
immunodefidency(SCID). Somecancersmayalso 
yieldtothisapproach, inthefuture 

DNA profiling (genetic fingerprinting) 

Huuds th; th;ve been ant lclp;ted 

Cooldaumallyharmle110fgani1m.suchasthe 
humangutbacteriumf.rn/i,betramformedintoa 
harmfulpathogenthatescapesthelaboratoryand 
entersthe populotkmat!arqe? 

TheaccidentaltransferolherbKide-resistancefrom 
aopp!ants.suchassugarbeet.toarelatedwiklplant 
i1apo11lbility.1tmaythentr;immittootherplants. 
resultingin'ruperwel.'d1'whose1preadwouldbe 
hard to prevent 

NaturalinsectKidaltoxin.engineeredintoaopp!ants. 
whi11taneffectiveprotectionlrombrowsingin1eCt1. 
mightalsoharmpollinatingspecies - beesand 
butte1llie1.Also,thepre1enceofthel!fgeneinthe 
environmentmayleadtoin,;ectswithres.istonce 

Gene1movebetweenbacterialpopulatfonswith 
~me CoukltheantibiotK-re1istaocegene1 inp!a'>lllkl 
vectors{page172)become..c:cidentallytramfl'rrl.'d 
into a pathogenic organism? 

Therearewell-publidzedanxietiesabootfood 
productsthataremadefrnmgeneticallyengineerl.'d 
species - mightthefoodbecometoxicmtrigger 
,;omeallergicreactiom?Solarthe1eha1beenno 
evidencetosupporttheseconcems 

The bulk of our DNA is not composed of 'genes' and so does not cOOe for proteins. These 
extensive 'non-gene' regions include shott sequences of bases, repeated many times. While some 
of these sequences are scattered throughout the length of the DNA molecule, many are joined 
together in major clusters. It is these major lengths of the non-cOOing, 'nonsense' DNA that are 
used in genetic profiling. They may be referred to as 'satellite' and 'microsatellite' DNA, but, 
alternatiwly, they are known as 'variable number tandems repeats' (VNTRs). 

We inherit a distinctive combination of these apparently non-functional VNTRs, half 
from our mother and half from our father. Consequently, each of us has a unique sequence of 
nucleotides in our DNA (except for identical twins, who share the same pattern). 

To produce a genetic 'fingerprint', a sample of DNA is cut with a restriction enzyme which 
acts close to the VNTR regions. Electrophoresis is then used to separate pieces according 
to length and size, and the result is a pattern of bands (Figure 3.39). The steps to DNA 
fingerprinting are listed in Table 3.12. 

Toproducea DNA' fln gerp r1 nt'orproflle 

A sample of cells is obtainl.'d from blood. ,;emen. hair root or body ti11Ue1. and the DNA is extr..c:ted 
{WhereatinyquantilyofDNAi1ollthatcanberl'Coverl.'d, thi1ispreci,;elyrnpil.'dbymeansofthe 
polymerasechalnreac tlon,page167.) 

The amplifil.'d DNA is rnt into 1moll. double-strandl.'d fragments using a particular restriction 
enzyme,dlo-;enbecau,;e it'rnts' closetobutnotwith inthesate ll iteDNA 

TheresultingDNAfragment1areofvaryinglengthsandareseparatedbygel electrophoresls into 
b.inds{invisibleatthisstage,Figure3.39) 

5ubsequentsteps lnclude'Southemblottlng'andare lllustrated lnFlg ure3.39 

The gel is treated to split the DNA into single strands and then a rnpy is tramferrl.'d to a membrane 

Selectl.'d,radioactively!abeltedDNAprobesareaddedtothemembranetobindtopartKu!arbands 
of DNA. and then the excess probes are washed away. Alternatively, the probes may be labelled with 
aftuorescentstainwhichshowsupunderUVlight 

The membrane is nr:m overlaid with X·f';fj film whidl bernmes selectively 'fogged' by emission Imm 
theretainl.'dlabelledprobes 

The X· f'3j film i1 developed. showing up the positions of the bands (fragments) to which probes have 
attachl.'d. Theresultisaprofilewiththeappearanceofa'barcode' 
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Southernblotting(narnedafterthescientistwhodeYisedthe,outne) 
• extfactedONAisrntintofragmentswithresmctiooenzyme 
• thefragmeotsa,esepa,atedby electfophoresis 
• fragmeotsa,em>desing.,.,;trandedbytieatmeotollhegelwithalkali 

1 ThenacopyolthecistrjbutedONAfragmentsisproru<:edonn)fflf\membrane 

~---------2Heattreatmentolther,;lonmembraneb<!>dstheONAcopteStoit 

rRi 3 Selected.radioacbvefy!abeOedONAprobes ______. 4NyloomembraneisroNOYerlaidwrth ~ LlJ areaddedtobindtopartirula rbands o/ONA X·r~filmwhichisselectivefy'fogged: ~ 

- thenexcessprobesa,ewashedaway. 

5 

X-raylimis ~ =::omthethe~::prnbes m==== 

olthebaods{fragmeots)towhic:hprnbesareatL>ched 

MakingradioactivelylabelledDNAprobes -
• Single·slnndedOt,!Ahastheabilitytolormastabledoublestrand1<ithaoother,;nglestfandolONA.proYided 

thebasesan, ~lementary(i.e.pair).ttonestrandis1abe11ed',thepresenceolthepairedstfandsiseasilydetected 
• Shortk>ngthsofsingle-strandedONAa,emadeinthe!atxiratoryforthispurpose,byenzymicallycombioing 

andthenaddif>gselectednudeotidesoneatatirne,;naprecisesequeoce 
• Con,equently,thebase,equenceofprobesispredelefITTnedandknown 
• Allthero.Jdeotidesusedcontainradioactivephosphorus("P),orurbon{1"C)intheriboseoltheoodeicacid 

backbonesothesubsequentpositionsollheprobes(andthekx:atklnolacomplementarystfandofONA. 
e.g.onar,;lonmembrane)canbelocatedbyautoradiography 

Whataprobe isandhowitworks 

1 Tt.,probeisanartil"K:allypreparedseqoenceol 3Tt.,ONAi,treatedtoseparatethestrands 
ONA.e.g.onero,foglorthedjpeptidephenylalal'IOne 

A AG C GA hydrogenbondsbroken 

2Tt.,targetfortheprobe - dowle-stranded 
ONAcontain;,,gthe,eq'-""'Cebe;ng,tudied 

4Radioactiveprobeisintroduced 

A A G C G A 
TT C G C T 

• Flgure3.39StepstogeneUcproflllng 

Applications of genetic fingerprinting 

Applications in forensic science include the following. 

A A G C G 
TT C G C 

• Identification of suspects - samples are taken from the scenes of serious and violent crimes, 
such as rape attacks. DNA from both victims and suspects, as well as from others who have 
certainly not been involved in the crime (used as control samples), is profiled. The greatest 
care is required; there must be no possibility of cross-contamination if the outcome of 
testingistobemeaningful 

• Identification of corpses - lxxlies that are otherwise tco decomposed fot recognition may be 
identified, as might parts of the lxxly remaining after bomb blasts or other violent incidents, 
including natural disasters. 
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Other applications include establishing paternity and conservation: 

-,,- ,-, ,-,, -1a -wh-y ,-h,- • Determining paternity - a range of S3mples of DNA are analysed side by side, of the people 
compositicm of the who are possibly related. The banding patterns are then compared (Figure 3.40). Because a 
DNA of klenbcal child inherits half its DNA from its mother and half from its father, the bands in a child's 
twim diaHenqe,; DNA fingerprint that do not match its mother's must come from the child's father. 

:~,~~~~:n~ DNA • Species conservation - it is i:ossible to determine whether individuals of endangered species 
fingerprinting. in captivity have been bred there or were captured in the wild. The technique has wide 
but that of noo- applications in studies of wild animals, for example, concerning breeding behaviour, and in 

the identification of unrelated animals as mates in captive breeding programmes of animals 
in danger of extinction (Option C). 

DNAprofilinginfor•nsicinvHtigation 

Atlhe1<eneolacrime(suchasamu,de<).hairs - withhair 
motcelriettached - 0<bloodmaybe,ec!M'fed . lfso.theresultingDNA 
profiles may be compared 1<ilh those of ONA obt.;ned lrnm suspects 

lde ntificationinara1M<rimeillYOM'lthetakingofvaginalswabs 
fiere.Of.lflwillbep<e1entfrnmlhevic~maodalsofromtheraJ)i1t 
Theresulto!Of.lflaoaly;ili,aroml'lexprnfilethatrequ•escaeful 
companson with the ONA prnfiles of the victim afld of any suspects 

~~~~f~~ac,l~righdeg<eeofCl'ftainty.afldthe 

ldentificationofacorpHwhichisothe<Wiseunodentiliableil 
achieved by tal<ing DNA samples from body tissues and comparing 
the~profilewiththose ofdoserelative,0<,,..;thDNAobta inedfrnm 
celrirecoveredfrompei,;onaleffects.wheretheseareavailable 

DNAprofilesusedtoHtablishfamilyrelationships 

rithemale(M)theparentofbothchik!ren7 

E""""netheONAJ11ofilessho1<11totheli9ht 

l.ookatthe<hikJren",baods(C) 

Dilco.mta llthosebandslhatcorrespondtobands inthe mo!her"s 
JIIOTile(F} 

The....,...;n;ngbandsmatchthose olthebtologicalfather 

DNAfinge,prin~nghasalsobeenwidelyappliedinbioloq,o. lnomithology. 
f0< example. ONA profiling of nes~ ings has established a degree of 
"p,omilcuity" in bree ding J1,1irs. the mate of which was assumed to be 
lhefatherolthewholebrood.lnbirds.theJlloductiooofadutc:hof 
eg9silextendedomaperiodofdays.1<ithropul..tiooandfertilizatioo 

:;:(ma~,., ~~~:i:;:... '1:;,.1:' prns;des the opp<rtooity f0< 

• Rg ure3.40DNAprofllesusedtolnvestlgaterelatedness 

• Clones 
Oones are identical things - a group of genetically identical organisms are clones. So too are a 
groupofcellsderivedfromasingleparentcell 

Clones occur naturally. For example, they are formed by asexual reproduction in plants 
Cloning has been used widely in commercial plant propagation for many years. You will be 
carrying out cloning when you investigate the rooting of stem cuttings (Figure 3.41) 



• Flgure3.41 

Investigating the 

rooting of stem 

cuttings 

What w ill youinvestigai.? 
foooolateyou, hypothesi<.fo,example 
• plants need oxygen fOfmotgmwth 
• hom,onerootir,gpowdefpm,r,otes,ootgrnwth 
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Select a plant 
Mostreadilyava ilableplantsan,suitable.suchas 
• wHlow(S..lixsp) 
• honeysud<:le(looicer.isp.) 
• blackbefry(fU>i<sp) 

Se lectingandpreparingthe shoots 
flowmany1<il youneedlortreatmentandcootrnl? 

~
""""'"'""""'"""' olall butthl>topll'w 
lea""' - Jl"fhapsth""' 

stemstnrrrned to 
astarrllrdiz"'1 .,,,. 

endolshoots 
rutatanangk> 

Possible experime ntal a pparatus 

Rootingin asolidmedium 

The effect of rooting powder: 

Conduct a nd man age me nt issues: 
Whatenviroomentandcootrolwill theexperimental 

::a.:.':'...~.r:::.ons can and must be cootroHedl 

~~:....":.::~:1= ::~"!",;':;~:.;:~~I 
betakenandrPC0<cll,d? 

Root ing in w ate r 

The requirement for oxyge n: 

ae,atl'dwater 
or diluternltu"' 

"''"""' 
Fina lly -comdusion andpoints for d iscuss ion: 
1\/hatchangesinmethod ""°"dyourerom=nd ;/ 
theexp,,OO"ll'f1talweretobe repeated? 
1\/hatandwhen,inthl>stemilfethetiss,,.e(s)that 
t.wegen,,rated,oots? 
Whatarethl>rolesofmotsinthec,owth of thl>plants? 

~~~'7.~~~products of)O<Xexperimentbe 

• Humans that are identical twins are clones. About 1 in "very 170 pregnancies in the UK 
produc"s identical twins. This results when the first-forffiOO cells of th" blastula 
(Figure 11.48, page 491) divid" into separate groups prior to implantation. 

• Among vert.,brntes asexual reproduction does not occur, but cloning is common among some 
species of non-vertebrates. Examples are the individuals produced by budding in hydra 

• Animals can be cloned at the early embryo stage by breaking up the embr)U into individual 
cells. These stem cells are still capable of developing into all the ti,sue types of the adult 
organism (a condition known as pluripotency). 
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Stapsinthe productionofDollytheclon• n ..... "'.,.o.... " ..... .,., .... ,,'.., ~ 
~ ::=:::: ::~:~~"'4 kt1'( 

'"'"'"''~,-. C) 
lowmnutlient, • • ) 
<ieprMngthece!lsof ••o nucletJsremovedbyv 
"""™'""' \ rn,.,,,,,,,-~!':ih~!""' 

• Flgurel.42 

Creating Dolly the 
donedsheepuslng 

nuclear transfer 

techniques 

~ 
ce!lslusedtogether l 
:- •timulusfo, fusioo 
,sanelectncpulse 

0-----fusedcell 

ce!l dMsiootriggerl'd l 
by electric pulse 

i!""~~~::~tt!:(~":! 
wastaken('il'l'qeneticprnfi~) 
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• Genetic engineers done genes when a single gene is introduced into a plasmid and then 
bacteria are induced to take up the recombinant plasmid (Figures 3.34 and 3.35). Once this 
has occurred, the plasmid is replicated many times in the cytoplasm. In this way, very many 
identical copies of the gene are produced. This molecular cloning is an important step in 
recombinant DNA technology. 

• In recent years, animal clones have been produced by nuclear transfer techniques. Dolly the 
sheep was the first mammal to be cloned from non-embryonic cells. This was achieved at 
the Rc,,slin Institute, Edinburgh in 1996. Dolly was produced from a fully differentiated udder 
cell taken from a six-year-0ld ewe. The isolated cell was indoced to become 'dormant' or 
genetically quiescent, and then converted to the embryonic state by fusion with an egg cell 
from which the nucleus had been removed, taken from a different ewe. The process, known 
as somatic-cell transfer, is summarized in Figure 3.42. 

Human clo nin g? 
Preliminary experiments have shown that it may be possible to clone humans, too. However, 
the ethical issues of soch a move have stimulated opposition and comment from many people 
and organizations, and human cloning is currently banned in many countries. In 2004, the UK's 
then Human Fertilization and Embryology Authority (HFEA) gave a Newcastle biomedical team 
permission to create human embryos that were clones of patients. They also used the somatic 
cell transfer technique. 

The embryos created in these Newcastle experiments could not be implanted in a uterus 
because reproductive cloning is illegal in the UK. Instead, the team work on embr)Onic stem 
cellsderivedfromtheembryos. 

We have seen that stem cells have the ability to produce a variety of cells (page 15). It is 
thought that these cells may have great potential for treating disease by replacing damaged 
tissue. The Newcastle team was investigating possible cures for degenerative diseases such as 
multiple sclerosis, and Alzheimer's and Parkinson's diseases. Unlike an organ transplant, stem 
cellsarenotexpectedtoberejectedbythepatient'slxxly,astheprocessensurestheengineered 
cells ha,·e the same DNA as the patienL 

Since human clones can form naturally, and because experiments in human cloning are 
being planned, permitted and funded in several countries around the world, this controversial 
issue needs our careful, informed consideration. Arguments for and against human cloning are 
listedinTableJ.13. 

Wha1viru,,s doyouhold? 

Polnts agalnsthumanclonlng 

Humanbeingsmightbeplannedandproducedwiththesole 
intentKln of supplying ·spare parts· for ~related person with a 
health problem 

Cloningrnuldfadlitatetheprocessof" impmving"humans.by 
de1igninganddelivering a raceof"superKlr"people{inthesame 
way .11 attempts were made to "improve· humans by the arbitfary 
standards adopted by now discredited eugenics movements) 

Cloningtechniquesareexperimentalandumeli.ible.po1sibly 
resu lting in the death of many embryos and newborns - there .ire 
sti ll so many unknown factors operating 

Thetfaditionalrnnc:eptof"lamily"isolagmupofpeoplewith 
ind ividuamy.andwithadearsenseofpersonalworth 

Clonesmighthavediminishedrightsandalessenedsenseol 
individuamy 

Somea,pectsofhumanlile1houldexistabovethevaluesand 
standards of the laboratory. 

Manybelfl'Yersrnnsiderthatdoningisagainstthewill oftheirgod 

Humaninventivenessmustnotextendtotamperingwilh"nature· 
inrespectofhumanlifei1sue1 

• Table3.13 Thecasesforandagalnsthumanclonlng 

Polntslnfavourofhumanclonlng 

Parentsathighri:s.kofproducingofls!)fingwithgeneticdisease 
wouldhavetheopportunityofhealthychildren 

lnfertilernup!esrnuklhavec:ti ildrenoftheirown 

Cloningtechnologies.irebeingdevelopedtodeliverorgansfor 
tranlplant1thatareentirelyrnmpatibleandarenotrejededbythe 
recipient"simmunesystem 

NewtreatmentslOfgenetkdise;isesarep!annedandmays.hOftly 
beac:tileved 

Cloningtechn;quesareassafeandreliableasothercomparable 
medicalprocedures.giventhi1earlystageintheirdevelopment 
and our limited experiences 

Clonesarenottrueduplkatesbecauseenvirnnmentalfactorsand 
personalexperiencesinfluencedevelopmentandwhoweare 

Identical twir11 haYe a strong sense of Mvidualily and personal worth 

lttakestimeforallnewdevelopmentstobeaccepted 

Mo1timprovement1inmedkaltechnologie1havereceived 
trenc:tiantopposi~onwhic:hhasrecededwithfamiliarity.andas 
theadvantagesareper{eived 
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• Examination questions -
a selection 

Questions 1-4 are take n from IB Diploma 
biology papers. 

Q1 What is chorionic villus sampling? 

A Sampling cells from the placenta 
B Sampling cells from the fetal digestive system 
C Sampling fetal cells from the amniotic fluid 
D Sampling stem cells from the umbilical cord 

S/.¥)(S'd/eYelP;,pe,1, TmeZoneO,N<NIO,Q15 

Q2 What would be the expected result if a woman 
carrier for colour blindness and a colour-blind 
man had many children? 
A All offspring will be colour blind. 
B All male offspring will be colour blind and all 

females normal. 
C All males will be normal and all females will be 

colour blind. 
D All females will be carriers of colour blindness 

or colour blind. 
Stand.it"dLeve/P.lpet"I, TmeZoneO,N<N/2. Ql4 

QJ What information can be concluded from the 
karyogram? 

)( ?> )<. H ll 

Jl /L II H >t II 

il " " 
A The person is a normal male. 
B The person is a normal female. 
C The person is a male with Down syndrome. 
D The person is a female with Down syndrome. 

Sf.ind;1rclleve/Paperl, TimeZonel,MJYl3,Ql6 

Q4 Clouded leopards live in tropical rainforests of 
South-East Asia. The normal spots (brown with a 
black outline) are dominant and black spots are 
recessive. The trait is sex-linked. A male with black 
spots was crossed with a female with normal 
spots. She had four cubs, two males and two 
females. For each sex, one cub had normal spots 
and the other cub had black spots. Deduce the 
genotype of the mother. Show your worlc: in a 
Punnettgrid. (3) 

S~dLe,,eJ/>ap(N 2, Jme lorte2. M;iy 13, Question lb 

Questions 5- 10 cover other syllabus issues in this 
chapter. 

QS What was achieved by the Human Genome 
Project? 
A The sequencing of only the genes and their 

loci in humans. 
B The sequencing of chromosomes that make 

up somatic homologous pairs in meiosis. 
C The sequencing of the entire base sequence 

for human genes. 
D All the genes presented in an individual which 

are different to others. 

Q6 a List the chromosomes features used to create 
akaryogram. (2) 

b Name two techniques used to obtain sample 
cells to obtain the karyogram. (2) 

c Identify the name of the process that leads 
to Down's syndrome during meiosis (1) 

d Outline two processes that occur in meiosis 
and are not present in mitosis. (4) 

Q7 Mendel carried out a breeding experiment with 
garden pea plants in which pure-breeding pea 
plants grown from seeds with a smooth coat 
were crossed with plants grown from seeds 
with a wrinkled coat. All the seeds produced 
(called the Fl generation) were found to have 
a smooth coat. When plants were grown from 
these seeds and allowed to self-pollinate, the 
second generation of seeds (the F2 generation) 
included both smooth and wrinkled seeds in the 
ratio of 3:1. 



a In Mendel's explanation of his results he used 
the term 'hereditary factor'. Identify our term 
for 'factors' and statewhereinthecellthey 
occur. (2) 

b The parent plants have diploid cells, while 
thegametes(sexcells)are haploid. Define 
what we mean by haploid and diploid. (4) 

c By reference to the above experiment, define 
the following terms and give an ex.ample of 
each: 
i homozygous and heterozygous 
ii dominant and recessive 
iii genotype and phenotype. 

d Using appropriate symbols for the alleles 
for smooth and wrinkled coat, construct a 
genetic diagram (including a Punnett grid) 
to show the behaviour of the alleles in this 
experiment. 

QS a Define the term mutation. 
b By means of specific examples, explain the 

(4) 
(4) 
(4) 

(6) 

(2) 
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Q9 The following are sequences of amino acids from 
the same section belonging to a transmembrane 
protein found in Pongo abelii (orangutan), Homo 
sapiens (humans) and Canis lupus familiaris (dog). 

Pongo 
abelii 

Homo 
sapiens 

Canis 
lupus 
familiaris 

NYF--SLJFNVILFFKMKFLFWS 
FKSVATKI 

MFLQWVLCAAI WLVALWNLJLH 
CPK---FWPFAMLGGCI 

MFLQWVLCAAI WSIALVVNLILH 
CPK---FWPFAMVGGCI 

a Describehowscientistsusethedifferences 
in the sequences of amino acids to find out 
evolutionary relationship among species. (2) 

b Orangutans are more closely related to humans 
than dogs. Ex.plain why this section of the 
protein shows a bigger difference between 
orangutans and humans than the differences 
between dogs and humans. (4) 

~~~e~:~': ::;~;~. chromosome mutation (
4

) 010 a Identify what is achieved by gel electrophoresis 
and PCR techniques. (2) 

b Define: genetic modification, done and DNA 
profiling. (3) 

c Outline the potential risks and benefits of 
using a named genetic modified crop. (8) 



II Ecology 

• Thecontinued survivaloflivingorganismsincludinghumansdependsonsustainable 
communities. 

• Ecosystemsrequireacontinuous supplyofenergytofuel lifeprocessesandtoreplace 
energy lost as heat. 

• Continued availability of carbon in ecosystems depends on carbon cycling. 
• Concentrations of gases in the atmosphere affect the cl imates experienced at the Earth's 

surface. 

Ecology is the study of living things in their environment. It is an essential component of 
mOOem biology. Understanding the relationships between organisms and their environment 
is just as important as knowing about the structure and physiology of animals and plants. 
Environment is a term we commonly use to mean 'surroundings'. In biolog y, we talk about the 
environment of cells in an organism, or the environment in which the whole organism lives 
So 'environment' is a rather general, unspecific term - but useful, nonethele,s. 

4.1 Species, communities and ecosystems -,h, 
continued survival of living organisms including humans depends on sustainable 
communities 

• Species 
There are vast numbers of different types of living organism in the 'M>rkl - almost unlimited 
diversity, in fact. Up to now, about 2 million species have been described and named in total. 
Bw u'haru~ mean lry 'species'! 

By the term 'species' we refer scientifically to a particular type of living thing. A species is 
a group of individuals of common ancestry that closely resemble each other and are normally 
capable of interbreeding to produce fertile offspring. 

There are three issues to bear in mind about this definition. 

• Some (very successful) species reproduce asexually, without any interbreeding at all. 
Organisms that reproduce asexually are very similar in structure, shO\>/ing little ~-ariation 
between individuals 

• Occasionally, members of different species breed together. Hcw,ever, where such cros.s­
breeding occurs, the offspring are almost always infertile. 

• Species change with time; new species evolve from other species. The fact that species do change 
means they are not constant always easy to define. However, evolutionary change takes place 
over a long period of time. On a da~·-to.day basis, the term 'species' is satisfactory and useful. 

So, a species is a group of organisms that is reproductively isolated, interbreeding to produce 
fertile offspring. Organisms belonging to a species have morphological (structural) similarities, 
whichareoftenusedtodefinethespecies. 

• Populations, communit ies and ecosystems 
Members of a species may be reproductively isolated in separate populations. A population 
consists of all the individuals of the same species in a habitat at any one time. The members of a 
population have the chance to interbreed, assuming the species concerned reproduces sexually. 
The boundaries of populations are often hard to define, but those of aquatic organisms living in 
a small pond are dearly limited by the boundary of the pond (Figure 4.1). 

A community consists of all the living things in a habitat - the total of all the populations, 
in fact. So, for example, the community of a well-stocked pond would include the populations of 
rooted, floating and submerged plants, the populations of bottom-living animals, the populations 



• Rgure 4.1 
Apondorlakeas 
an ecosystem 
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of fish and non-vertebrates of the open water, and the populations of surface-living organisms -
a very large number of organisms, in fact. 

Finally, a community forms an ecosystem by its interactions with the non-living (abiotic) 
environment. An eco,ystem is defined as a community of organisms and their surroundings, 
the environment in which they live and with which they interact. An ecosystem is a basic 
functional unit of ecology, since the organisms that make up a community cannot realistically 
be considered apart from their physical environment. 

Examples such as a ~land or a lake illustrate two important features of an ecosystem, 
namely that it is: 

• a largely self-contained unit, since most organisms of the ecosystem spend their entire lives 
there and their essential nutrients are endlessly recycled around and through it 

• an interactive system, in that the kinds ci organism that live there are largely decided by the 
physical environment and in that the physical environment is constantly altered by the organisms. 

The organisms of an ecosystem are called the biotic component, and the physical environment 
is known as the a biotic component. 

Within any ecosystem, organisms are normally found in a particular part or habitat. The 
habitat is the locality in which an organism occurs. So, for example, within a woodland, the 
tree canopy is the habitat of some species of insects and birds, while other organisms occur in 
the soil. Within a lake, habitats might include a reed swap and open water. Incidentally, if the 
occupied area is extremely small, we call it a microhabitat. The insects that inhabit the crevices 
in the bark of a tree are in their own microhabitat . Conditions in a microhabitat are likely to be 
very different from conditions in the surrounding habitat. 

• The pond or lake as an ecosystem 
Figure 4.1 represents a transect through a fresh water ecosystem - a pond or lake. Notice that 
a range of habitats within the ecosystem are identified, and that the feeding relationships of 
the community of different organisms are highlighted. We will consider feeding relationships 
between organisms next. 

!
"""""" ea tplilnts 

consume"ea tanimak 
cletnbvores 
ea t dead 
organoc 
matter :1~0(\ 

mud deposited 
oopondbottom 

1 Apply one or more of the terms shown below to de1Cribe each of the listed features of a fresh water l.ike 

populatlon ecosystem habitat ablotlcfactor community biomass 
a thewholelake 
b allthefrogsofthelake 
c theflowofwaterthrooghthelake 
d alltheplantsandanimalspres~nt 
e thetotalmas1 ofvegetatioogrowinginthelake 
f themudofthelake 
g thetemperaturevari.itionsinthelake 



186 4 £co 

• Feeding relationships - producers, consumers and decomposers 
Think of an ecosystem with which you are very familiar. Perhaps it is one near your home, 
school or college. It might be savannah, a forest, a lake, woodland or meadow. Whatever you 
have in mind, it will certainly contain a community of plants, animals and microorganisms, all 
engaged in their characteristic activities. Some of these organisms will be much easier to observe 
than others, possibly because of their size, or the times of day (o r night) at which they feed, for 
example. 

The essence of survival of organisms is their activity. To carry out their activities organisms 
need energy. We have already seen that the immediate source of energy in cells is the molecule 
ATP (page 115), which is produced by respiration. The energy of ATP has been transferred 
from sugar and other organic molecules - the respiratory substrates. These organic molecules are 
obtained from nutrients as a result of the organism's mode of nutrition 

We know that green plants make their own organic nutrients from an external supply of 
inorganic molecules, using energy from sunlight in photosynthesis (page 121). The nutrition of 
a typical green plant is described as autotrophic (meaning 'self-feeding') and, in ecology, green 
plants are known as producers. There are a very few exceptions to this (Figure 4.2). 

An autotroph is an organ ism that synthesizes its organ ic molecules from 
simp le inorganic substances •=m=• looking for patterns, trends and discrepancies 

Broomrape(Orobimchesp.)isa"rootpa,as,te".attach;ngto 
therootsystemsllfitsvarioush<>stplants.bel<>wgro<K>d 
AooYeground.theshoot,..-e,,;,1ua1!ycoloorless 
(<:hklrophyll·lree).andtheJeavesreduc:edtosmal l bfacts 
Why/ 
Ooceestablished.theplantis"-'"!ltocoocentrateoo 
reprnducti<>n.seedproductiooaodseeddispersai.This 
suggeslsthatthetas.kllfreachingffeshhoslsisamajor 
ctla ller,geintheife-cyclellfaparasite. Wll.dlofrhese 
fearufesatt'""**-'nri'lrheplam>hownlletel 

• Flgure4.2Notqulteallgreenplantsareautotrophlc 

• Classifying a species from a know ledge of its mode of nutrition 

1 Autotrophs versus consumers 
So, the great majority of green plants are entirely autotrophic in their nutrition. In this they play 
a key part in food chains, as we shall shortly see. In contrast to green plants, animals and most 
other types of organism use only existing nutrients, which they obtain by digestion and then 
absorption into their cells and tissues for use. Consequently, animal nutrition is dependent on 
plant nutrition, either directly or indirectly. In ecology, animals are known as consumers and 
animal nutrition is described as heterotrophic (meaning 'other nutrition') 

• A heterotroph is an organism that obtains organic molecules front od1er organisms. 

• A oonswner is an organism that ingests other organic matter that is living or recently killed. 



• Rgure 4.3 
Falw-colour 
micrograph of 
Euglena,aspecles 
that ls both 
autotrophlcand 
heterotrophlc 
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lnhetuotrophicnutrition.bacteriaa,etakenintofood 
vacuolesbyphagocytosisandlhecooteotscigestedby 
t.fcJrolyticeozymeslrnmfysosome,. RoorheGolgi 
app,,raru,;andly,osome,iflrheryrosol 

lnautotrophicnutrition.photo<ynthesisoccursinthe 
chloroplasts.Thereisalght-seositive"eyP<pot'p<P<enl 
whichenablesfuglerntodetectthelgltsource 
Noria!rheplilsmameml>-anehasaridgedappe,,raoce 

::;-,.,-ru:,;ra~ri,'iU(Jf10fredbya,y,remof 

Note that some of the consumers, known as herbivores, feed directly and exclll'iively on 
plants. Herbivores are primary consumers. Animals that feed exclusively on other animals are 
carnivores. Carnivores that feed on primary coru;umers are known as secondary consumers 
Carnivores that feed on secondary consumers are called tertiary consumers, and so on 

2 Detritivores and saprotrophs 
Eventually, all pl'OOucers and consumers die and decay. Organisms that feed on dead plants and 
animals, and on the waste matter of animals, are described as saprotrophs (meaning 'putrid 
feeding') and, in ecology, these feeders are known as detritivores or decomposers. 

_____ • A saprotroph is an organism that lives on or in dead organic matter, secreting digesth·e 
2 Construct a enzymes into it and absorbing the products of digestion. 

!:'7
0
~::! ~n • A detritivore or a decomposer is an organism that ingests dead organic matter. 

chart. d .111ifying Feeding by saprotrophs releases inorganic nutrients from the dead organic matter, including 
1pede1 on the basis carbon dioxide, water, ammonia, and ions such as nitrates and phosphates. Sooner or later, these 
~:r oaf~::!: inorganic nutrients are absorbed by green plants and reused. We will look in more detail at the 

_____ c~lingofnutrients in the biosphere later in this chapter. 

• Practical ecology: Testing for associations between species 
The distribution of two or more species in a habitat may be entirely random. Alternatively, factors 
such as specific a biotic conditions may bring about close association of some species - plant 
A may tend to grow dose to plant B. For example, soils rich in calcium ions typically supp:,rt 
distinctively different populatioru; from those found on dry acid soils. If we want to discover 
whether there is a particular association between two species in a habitat, we need reliable data 
on their distribution; this is obtained by random sampling. In this way, every individual in the 
community has an equal chance of being selected and so a representative sample is assured. 

Quadrats are commonly used to study p:,pulations and communities. A quad rat is a square 
frame which outlines a known area for the purpose of sampling. The choice of size of quadrat 
,.,aries depending on the size of the individuals of the p:,pulation being analysed. For example, 
a 10cm1 quadrat is ideal for assessing epiphytic Plewrococcus, a single-celled alga, commonly 
found growing on damp walls and tree trunks. Alternatively, a I m1 quadrat is far more useful 
for analysing the size of two herbaceous plant p:,pulations observed in grassland, or of the 
earthworms and the slugs that can be extracted from between the plants or from the soil below. 

Quadrats are placed according to random numbers, after the area has been divided into a grid 
of numbered sampling squares (Figure 4.4). The presence or absence in each quadrat of the two 
species under investigations is then recorded. The data is then subjected to statistical test. The 
chi-squared (x1) test is used to examine data that falls into discrete cate!}lries - as it does in this 
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• Fl g ure 4.4Random 

locatlngofq ua dra t s 

case. It tests the significance of the deviations between numbers observed (0) in an investigation 
and the number expected (E).The measure of deviation, known as chi-squared, is conYerted into 
a probability n1\ue ll'iing a chi-squared table. In this way, we can decide whether the differences 
observed between our sets of data are likely to be real or, alternatively, obtained just by chance. 

1 Amapofthehabitat(e.g . meadowland)is 
martedoutwithgndlirlt'Salooglw<ledges 
oltheareatobeanalysed 

2C00<dinateslorplacingquadratsa;e 
obtained a, sequences ol ,andom numbe". 
usingcompute,soflwMe.o,acaku!ator. 
o,publishedtables 

3 Withineachqtwlrat.theindividualspecies 
areidentined.andthenthedensity. 
f,equency.cll\lerOfabundanceofeach 
species is estimated 

4Density.f,equency.c°"er.oraboodance 
estimate,arethenquantifiedbymeasuring 
thetotalareaofthehabitat(thearea 
occupiedbythepopu!ation)in,quaremetres 
The mean density. frequency.c°""'"' 
abundancecanbecalru\ated.usingthe 
equation 

':. "' 
" w 

ij50 ,,, 
,, 
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ij50 ~' +--f---+-+--+c--+-++--+-, 
'"f-r'+-+ct-++-+-+--+-, 
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population size• mean den,~%:e;·~: ;::!x total area 

• Recognizing and inte rpreting statistica l significance 

Two moorland species and the chi-squared test 
This example examines whether the moorland species bell heather (Erica onerea) and common 
heather, also known as ling (Call1ma 1.111/garis), tend to occur together. Moorlands are upland 
areas with acidic and low-nutrient soils, where heather plants dominate. Heathers have long 
1-.uody stems and grow in dense dumps. They have colourful, bright flowers. The question here 
is whether there is a statistically significant association between ling and bell heather on an 
area of moorland. As scientists we 11-UUld carry out a statistical test to work out the probability of 
getting results that indicate there is no association between the two species - indicating the null 
hypothesis is true. The null hypothesis in this example would be that there is no statistically 
significant association between bell heather and ling in an area of moorland; that is, their 
distributions are independent of each other. If our results do not support the null hypothesis , 
then there is an association 
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• Figure 4.5 A moorland ecosystem and two common plants found there 

distribution of ling 

• Table4.2The full 
expected results 

l The measurements and results 
In order to sample the two species, the presence or absence of each species was recorded in each 
of 200 quadrats. The quad rats ,vere located at random on a 100 m by 100 m area of moorland 
(Table4.l). 

Bellheatherpresent Bellheatherabsent Total 
Ling present 89 45 134 

2 The calculations 

a Expected results: assuming that the two species are randomly distributed with respect to 
each other, the probability of ling being present in a quad rat is· 

column total/total numberofquadrats 
134 

=zoo 
=0.67 

Similarly, the probability of bell heather being present in a quadrat is: 
120 
200 

=0.60 

The probability of both species occurring together, assuming random distribution between 
each species, is: 0.60 x 0.67 = 0.40. The number of quadrats in which both species can be 
expected is therefore0.40 x 200 = 80. 

Having worked out the number of expected quadrats where the species are found together, 
otherexpectedvaluescanbeca\culatedbysubtractingfromthetotals.Forexample, the 
expected number of quadrats with bell heather but no ling is 120 - 80 = 40. Expected 
values follow the assumption that totals for each row and column do not change, because 
the relationship shown by the data is assumed to represent the true relative frequency of 
each species (Table4.2). 

Ling present 
Bellheath

8
~present 

Ling absent 
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• Table4.3 
Observed (O) 
andexpected(E) 

distribution of ling 

Crltlcal valuesfor 
the"J.'-test 

Now the calculated values can be checked by using the ratios represented in the table of 
observedresults(Table4.1). 

For example, the expected number of quadrats where there is no ling and no bell heather 
canbecakulatedasfollows· 

Probability of no ling in a quadrnt "~ " 0.33 

Probability of no bell heather in a quadrat = -:o%- = 0.40 

Probability of neither species inaquadrnt =0.33 x 0.40= 0.13 

Number of expected quadrats with neither species present= 0.13 x 200 = 26 

(Note that this figure agrees with the estimated value in Table 4.2). 

b Statistical test: the observed and expected results are recorded in Table 4.3. 

Bellheatherpresent Bellheatherabsent Total 
Ling present 89 45 134 

Ling absent 

Then, chi squared is calculated from the formula: 

So,chisquaredinthisexample 

(89 - 80)2 (45 - 54)i (31 - 4W (35 - 26)2 
= ~ + ------;r- + ~ + ------g--
= 1.0i + I.50 + 2.03 + 3.11 
=7.65 

To find whether this result is statistically significant ot not, the value must be compared to 
a cr itical va lue (Table 4.4). To locate the critical value, the appropriate degrees of freedom 
needtobecakulated. 

Degrees of freedom = (number of columns - I) x (number of rows - I) 

In this case, degrees of freedom= (2 - 1) x (2 - 1) = I 

Degrees of freedom D.DS leve l of sl9nlflcance 

The chi-squared value of 7.65 is larger than the critical ,"alue of 3.84 for I degree of freedom 
at the probability level of p = 0.05 (the 5% probability level). The null hypothesis is therefote 
rejected; there is a statistically significant aS.'lOCiation between bell heather and ling in this area 
of moorland. So, the distributions of the two species are not independent of each other - the 
distributionofthetwospeciesisa,sociated 
c The rnlue of chi squared may also be obtained using a programmed pocket calculator or a 

computer program such as: 
www.sacscistat istics.comttntsfchisquare/Default2.aspx 
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l Carryoutaftesttoseeifthereisanassociation betweenbell heatherand bilberry fromtheobserved 
re sultsshowninthe table 

from your caku latiom, deduce whether the two species are associated or whether they tend to occupy 
dilferentmic:rohabitatsonthismoortand 

Bell heather present Bell hea ther absent Tota l 
BIiberry present 
BIiberry absent 

({\; • The need fo r sustainability in human activities 

We have noted that ecosystems are largely self-contained and self-sustaining units. They 
have the potential to maintain sustainability over long periods of time. Most organisms of 
an ecosystem spend their entire lives there. Here, their essential nutrients will be endlessly 
recycled around and through them. This illustrates a key feature of environments - that they 
naturally self-regulate. The basis of sustainability is the flow of energy through ecosystems 
and the endless recycling of nut rients. This is summarized in Figure 4.6, and is the focus of 
Section4.2. 

Unfortunately, we humans often destabilize ecosystems. This is a result of our presence 
in large numbers over much of the globe, and our profligate use of space and resources. Our 
demands for food for expanding populations, and for materials and minerals for homes and 
industries tend to destroy ecosystems. 

Today, the impact of humans on the environment is very great indeed. Conservation 
attempts to manage the environment so that, despite human activities, a balance is maintained. 
The aims are to preserve and promote habitats and wildlife , and to ensure natural resources are 
used in a way that provides a sustainable yield. Consen.i.tion is an active process, not simply 
a case of preservation, and there are many different approaches to it. More effecth·e family 
planning and population control in human communities could be a highly significant factor in 
someareasoftheworld. 

4 For an ecrnystem near your home. school or college. 11 st the ways in which you feel the human 
rnmmunrtyhasadverselychanged themviromnent 
Can you suggest apr.Ktic:alw;ff that thisharmcould berl.'ducedorrl.'Yersed7 

Investigating the self-sustainability of ecosystems - using mesocosms 
The sustainability of an eco,ystem may change when an external 'disturbing' factor that 
disrupts the natural balance is applied. Investigation of this may be attempted in natural 
habitats or in experimental, enclosed systems. Both approaches have ad, .i.ntages and 
drawbacks(Table4.5). 

A natural ecosystem, fo r example an A small -scale laboratory model aquatic 
entire pond or lake system (a mesocosm) 

Advantages realistk: - actual environmmtalrnnditions abletocontrolvariable~ - opportunity to 
are experienced measu1ethedegreeof1tabil ityor extmtof 

changeinarnmmunily.andtoinve1tigate 
theprec iseimpactofadi1turbing factor 

Disadvantages variable rnnd itions - minimum or non- umeali1tic: - possib ly of disputed relevance 
existentcontrolover·rnntrolled variab~s· andapplic:abilitytonatural ecosy1tems 
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• Rgure4.6 
An experimental 
mesocosmapparatus 

port for probes to 
measuretemperat ....... 
li,jlt{cootroledvafiables) 
andO,concen!Jatioo(as 
a dependent variable) 

li,j>tsou,:ebden!ical ...... 
li,j\Vda,t,egimes 

Case study: An investigation of eutrophication 
In water enriched with inorganic ions (such as from raw sewage or fertilizer 'run-off from 
surrounding land), plant growth is typically luxuriant. The increase in concentration of 
ammonium, nitrate and phosphate ions particularly increases plant growth. When seasonal 
water temperature rises, the aquatic algae undergo a population explrn;ion - causing an algal 
bloom, for example. This process is known as eutrophication 

Later, when the algal bloom has died back, the organic remains of the plants are decayed by 
saprotrophic aerobic bacteria. The water becomes deoxygenated, and anaerobic decay occurs 
with hydrogen sulfide. A few organisms can survive in these conditions and prosper, but the 
death of many aquatic organisms results. 

Can mesoco,;ms be set up to investigate eutrophication, so avoiding the destruction of a 
natural ecosystem! 

Possiblestepstotheinvestigation 
-what'control'flaskisrequired7: 

1 s.etupolmesoc:osmsA(experimenl)andB 
(cootrol)withidenticalculturesofalgal 
suspensioos inpondwater.Allowedtostabilize. 
andgive..,idenceoloormala~lgrowth 

2Addibooofaquantityofconcen!Jated 
phosphate solution to A 

Vllhatwouldthecon!Jolllasl;,equi,e? 

3Regula,mooitorir,golchangeinalgalcell 
densityandO,ronc:eotration in AandB 

!,.sues: Does~n algal bloom develop] 
~--~-----~--~ Howdothepatternsofa~lcelldeffitiesandO, 

AExJ)l'fimentmesocosm coocentratioochangewithtirne7 

LookaitheappamruiinFigure4.6. 

• Does the figure show an appropriate practical investigation of eutrophication under 
controlled laboratory conditions? What changes might be made! 

• Here, t"-U dependent variables have been prop:,sed. Why! 

• If the additional phosphate ions added to mesocosm (A) resulted in an algal bloom, how 
could the control (B) be arranged to establish that influx of phosphate ioru caused it? 

• How would you expect the oxygen concentrations to change over an extended period in both 
mesocosms (A) and (B)? 

• Cycling of nutrients 
Nutrients provide the chemical elements that make up the molecules of cells and organisms. We 
recognize that all organisms are made of carbon, hydrogen and oxygen, together with mineral 
elements nitrogen, calcium, phosphorus, sulfur and pota.>Sium, aOO several others, in increasingly 
small amounts. Plants obtain their essential nutrients as carbon dioxide and water, from which 
they manufacture sugar. With the addition of mineral elements, absorbed as ions from the soil 
solution, they build up the complex organic molecules they require (Figure 2.65, page 121). 
Animals, on the other hand, obtain nutrients as complex organic molecules of food which they 
digest,absorbandassimilateintotheirowncellsandti5Slles 

Recycling of nutrients is essential for the survin1l of living things, because the aY-ailable 
resources of many elements are limited. When organisms die, their bodies are broken down to 
simpler substances (for example, CX\, H10, NH1 and various ions), as illustrated in Figure 4.7. 
Nutrients are released. 
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Scavenging actions of detritivores often begin the process of breakdown and decay, but 
saprotrophic bacteria and fungi always complete the breakdown. Elements that are released may 
become part of the soil solution, and some may react with chemicals of soil or rock particles, 
before becoming part of living things again through reabsorption by plants. Ultimately, both 
plants and animals depend on the activities of saprotrophic microorganisrns to release matter 
fromdeadorganismsforreuse. 

The complete rnnge of recycling processes by which essential elements are released and 
reused involve both living things (the biota) and the non-living (abiotic) environment. The 

-,- ,-,,-,,-," -h,-.,-. - latter consists of the atmosphere, hydrosphere (oceans, rivers and lakes) and the lithosphere 
i1 that animal life (rocks and soil). All the essential elements take part in such cycles. One example is the carbon 
i1dependento11 cycle(page201). 

_ ;.._""_r~~-t~_"'s_"'__ is a:~~~:;,,~:; :~~~~:rs:~;i;:~se~e:; ~~:t;:: :~~~:1~;:/~ti:d~r~:~:s~e~~~e 
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-. . 
• Flg ure 4.7Thesequenceoforganlsmslnvolvedlndecay 

3releaHofsimple 
inorganic molecules 
sucha,co,.H,O.NH,. 
ionssuchi15Na*.K*. 

~::~~£::~­
:~...!.plant 
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• Rgure4.8 

cycling of nutrients 

energy within 

an ecosystem-a 

• Rgure4.9 

food chain as pyramid of biomass showing energy flow 
(Note:malefialsare,ecycled) 

cycfngolmaterial, 

c::;::> flowofene,gya,lighto,heat 

Ene,gyente,slt-.,foodmainf,omsunlicj,t 
andJeavesasheatene,gylosttosp,ace 

4. 2 Energy f I OW - ecosystems require a continuous supply of energy to fuel 
life processes and to replace energy lost as heat 

• Most ecosystems rely on a supply of energy from sunlight 
We can demonstrate the dependence of ecosystems on sunlight by drawing up food chains 

Drawing up a food chain 
look at Figure 4.9. A feeding relationship in which a carnivore eats a herbivore, which itself has 
eaten plant matter, is called a food chain. In Figure 4.9, light is the initial energy source, as it is 
in most other food chains. Note that, in a food chain, the arrows point w the consumers and 
so indicate the direction of energy flow. F.xxl chains from contrasting ecosystems are shown in 
Figure4.IO. 

oakbeautycaterpilla~ 

B!ffiJflstraran"a _..._(_ \_, 

caterpillar-huntingbeetl• ".::it 
Ca,abusnemora/is ~ 

-·== w \i 
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from contrasting 
ecosystems 

, U1ing the 
information in the 
food web in figure 
4.11 8. construct 
two individual food 

c,eeograssoltheSerengeti. 
e.9 . elephant c,as, 

f'Mni>erumpuq><n,um 

Food webs 
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In an ecosystem, the food chains are not isolated. Rather, they interconnect with other chains. 
This is because most prey species have to escape the attentions of more than one predator. 
Predators, as well as having preferences, need to exploit alternative food sources when any 
one source becomes scarce. They also take full advantage of gluts of food as particular prey 

marine ec:05ystem. populations become temporarily abundant. 
each with at leas t Consequently, individual food chains may be temporary and are interconnected so that they 

~~~ea~::~:iges (lour :::::: aa~':!n:~~~:~: ;:::~::):= webs are shown in Figure 4.11, one from a woodland 

Identi fy each Examine these now. 
organi1mwithit1 
rnmmon name. Note that food chains tell us about the feeding relationships of organisms in an ecos)atem, 
am! state whether but they are entirely qualitative relationships (we know which organisms are present as prey and 
each ii a producl'f. as predators), rather than providing quantitative data (we do not know the numbers of organisms 
pnmaryrnmumer. at each level) 
sernnd.iry 

_ '_'"_'"m_ ,_'· "-"-- Trophic levels 
Foc:xl chains show a sequence of organisms in which each is the food of the next organism in 
the chain, so each organism represents a feeding or trophic level. Chains typically start with a 
producer and end with a oonsumer - perhaps a secondary or tertiary consumer. The trophic levels 
of organisms in some of the food chains and food webs in this book are das.sified in Table 4.6 

Trophlc level 
Ananalyslsoftrophlc producer vinesandueeperson 

rainfore1ttree1 
primaryor firstrnmumer caterpillar silver-1tripedhawk-moth 

second.iryrnmumer praying m..n~1 
tl'rtiary rnnsumer 
quatemaryrnmumer hook-billedvang.a-1-h rike 

1 ldentl fytheinitial 
energy source 
fa r al most all 

There is not a fixed number of trophic lewis in a food chain, but typically there are three, four 
or five levels only. There is an important reason why stable food chains remain quite short. 

_____ We will come backtothispoim, shortly. 



• Rgure 4.11 Examples of food webs 
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1 Suggest what Sometimes it can be difftcult to decide at which trophic level to place an organism. For example, 
trophk levels an omnivore feeds on both plant matter (primary consumer) and on other COll5Umers (secondary 
humans oc:rnP')' consumer, or higher). In the woodland food chain of Figure 4.9, the fox more commonly feeds 

_ G_• _ee_Y_mp_•,__ on beetles than shrews, because there are many more beetles about and they are easier to catch 

Energy flow 
Between each trophic level there is an energy transfer. At the base of the food chain, green 
plants, the prcxlucers, transfer light energy into the chemical energy of sugars in photosynthesis 
However, much of the light energy reaching the green leaf is not retained in the green leaf. 
Some is reflected away, some trarumitted, and some lost as heat energy. Meanwhile, sugars are 
converted into lipids, amino adds and other metabolites within the cells and tissues of the plant. 
Some of these metabolites are used in the growth and development of the plant and, through 
these reactions, energy is locked up in the organic molecules of the plant body. 

The reoctioru; of respiration and of the rest of the plant's metabolism produce heat, at"X}ther 
lorm of energy, as a waste product. Inevitably, chemical energy is transferred every time the tissues 
of a green plant are eaten by herbivores. Finally, on the death of the plant, the remaining energy 
passes to detritivores and saprotrophs when dead plant matter is broken down and decayed 
The diverse routes of energy flow through a primary producer are summarized in figure 4.12. 

Consumers eat producers or primary or secondary consumers, according to where they 
occur in a food chain. In this way, energy is transferred to the consumer. The consumer, in 
tum, transfers energy in the muscular movements by which it hunts and feeds, and as it seeks 
to escape from predators. Some of the food it has eaten remains undigested, passing through 
the consumer unchanged, and is lost as waste products in faeces and as urea. Also, heat energy, 
a waste product of the reactions of respiration and of the animal's metabolism, is continuously 
lost as the consumer grows, develops and forms body tissues. If the consumer is itself caught 
and consumed by another, larger consumer, energy is again transferred. Finally, on the death of 
the consumer, the remaining energy passes to detritivores and saprotrophs when dead matter is 
broken down and decayed. Ultimately, the energy in matter that is decayed is lost as heat. 

In summary, the energy conversions that occur in organisms are 

• light energy to chemical energy in photo,ynthesis 

• chemical er-.agytoheat as a W3Ste product ci the anabolic reactions ci metabolism and in respiration 

• chemical energy to electrical energy in nerve impulses and kinetic energy in muscle contraction 

• chemical energy in dead matter is lost as heat as a waste product of decay. 

Since living organisms cannot convert heat energy to other forms of energy, all energy reaching 
the Earth from the Sun is ultimately lost from ecosystems as heat energy into space. Energy flow 
through consumers is shown in Figures 4.12 and 4.13. 

• The concept of energy fl ow explains t he limited length 
of food chains 

Energy is transferred from one organism to another in a food chain, but only some of the energy 
transferred becomes available to the next organism in the food chain. In fact, only about 10% of 
what is eaten by a consumer is built into that organism's body, and so is potentially aniilable to 
be traruferred on through predation or browsing. There are two consequences of this 

I 
Using theories to explain natura l phenomena 

• The energy loss at transfer between trophic levels is the reason why food chains are short. Few 
transfers can be sustained when so little of \\+.at is eaten by one consumer is potentially available 
to those organisms in the next step in the food chain. Consequently, it is very uncommon for food 
chains to lur."e more than four or fa"e links between prOOucer (green plant) and top carnivore. 

• Feeding relationships of a food chain may be structured like a pyramid. At the start of the chain 
is a very large amount of living matter (biomass) ci green plants. This supports a smaller biomass 
of primary coll5Umers, which, in turn, supports an e,"en smaller biomass of secondary consumers. 
A generalized ecosystem pyramid diagram, represt'nting the structure of an ecosystem in terms of 
the biomass of the organisms at each trophic lewl, is shown in figure 4.14. 



198 4 £co 

• Rgure4.12 energyflowthroughaproducer 4heatenergylost 
aswasteprodoctafchemkill 

:•n~.!~:,'l'SJl;,aboo 
Energy flow through 

producers and 

• Rgure 4.13 

ooos, '='"•=o•,,oo,~m" 

• . • 4 energylost 
' asheat.wasteproductofmeITTC.Mn,actions 

1 energ yinputaschemical ( . ''''."=•""m,oS=<.Wsm,oo• 
ener9Yinorganicmoleru~ ~ nd,qestedloodandexaetedmatter 
oltom,esolp,ey.caught 
a<>deatenbythecons,......,, 

6finalenergylosttodet,;t"'°"-'< 
andsaprntroph<.ondeathand 
decayofanimal.onor inthesoil 

A linear loodcha in -energyflow 

l.Mngorganism,canootroovert 
heat!oothe,tormsofenergy 
Heatislos!tromec"')'S!em, 



Only ene,gy taken in at""" trophic level and then bum in a, chemical ene,g; 
inthemolectksmak;l\(}upthecellsandtisSUl'Sisavailabletothel\eXttrophK 
level . Thisisaboot10%oftt...eMrgy 

• Muc:hene,gyisusedlorcel l respiratiootopr!Mcieenergyfo,<Jfowlh, 
movement, leedir,g,andallothefesseotiallileprocesses 

• Notallfoodeatencanbedi~ted. Somepa,sesootwiththelaea>s 
lrldigestiblemal:tefincludesbones,hal,, leather<,ar>d lignifiedfibresinplants 

• Notallorganism,ateac:htrophklevelareealel\.Someesupepredation 

lllrtiaryconsumers 0.1% 

secondaryconsum•rs 

pfmaryconsumers 

produotrs 

• Flgure 4.14 Agenerallzedpyramldofenergy 
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, Ex.plain why, in a food chain, a large amount of plant material mpports a smaller m.i,s ol herbivore, and 
anevensmallermassofc.imivore, 

Representing energy flow using pyramids of energy 
An early attempt to quantify energy transfer in a natural community W3S carried out on a river 
system in Florida, USA, over 50 years ago. Here an American ecologist recorded the energy held at 
each of four trophic levels. His results are recorded in Figure 4.15 A Using this data, we can calculate 
the percentage energy transfer from producers (green aquatic plants) to the primary consumers: 

14000 
BrOoO")( 100% = 16.1% 

Now, this figure is significantly more than 10%. Are we to assume that a figure of about 10% 
of energy transferred is an inaccurate, sweeping generalization/ Probably not. In this river 
significantly more of energy of these particular primary prOOucers was transferred to primary 
consumers because the plants concerned were almost entirely of highly digestible matter. 
They lacked any 'MXXly tissues, such as those common to most terrestrial plants. 

Now camp/ere ihe calcula1ion in quesiion 10. 
Another investigation of energy transfer involved a farm animal, as shown Figure 4.15 B. 

You can see that, of the energy intake by the cow, approximately half passes through - lost in 
faeces and urine. Hcw,ever, in this illustration, the energy locked up in the new biomass in the 
cow has not been calculated and recorded 

Now camplew the calculations in ques1ion 11. 

• Food chains and world hunger 
TOOay, the number of humans in the 'M>rld population is huge. This frequently places excessive 
demands on the food supply and on the resources that are used in its production. So moch so 
that, around the world, there are local populations of people with too little to eat. World hunger 
is a major problem of which we can't fail to be aware. 

There is a potential ethical challenge for well-nourished people living alongside other 
humans who may be starving and who may die prematurely due to malnourishment. In the light 
of this, some humans opt for a vegetarian diet. Vegetarians do not eat meat and most do not eat 
fish, but the majority consume animal prOOucts, such as milk, cheese and eggs. 
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• Rgure 4.1 5 
Energy transfer 

ecosystem and In an 
agricultural context 

A pyramid of •nergy from a river system in Florida 

tertiaryconsumers 90 figu rHar•inklnr'yr-1 

secondaryconsumers 1600 

p"maryconsumers 

producers 

B energy transfer from grass (producer) to cow (primary consumer) 

netJ11frnaryJ11oductiooofgrass(NPl') • 21250 

10 Calculatethepe1{entageenergytramferbetweenplimaryand,;ernndary{onsumer1inthedatalmm 
theriversysteminFlorida(Figure4.15A) 

11 fmmthedatainFigure4.158.calculate 
a theenergyvalueofthenewbioma11olthernw.andthenexpre-;1thi1asJpercentageoftheenergy 

rnmumedbythernw 
b thepercent..geenergytramlerbetweenprimaryandsl.'{ondaryconsumer 

The rationale for this type of vegetarianism is that, when we eat meat rather than fcxxl of plant 
origin, we extend food chain,; by a least one trophic level. The effect of this is all too evident from 
your cakulations in questions 10 and II alx:,..-e, fur example. In effect, vegetarians observe that we 
waste energy by choosing to eat animal produclli rather than matter of plant origin, thereby leaving 
less fcxxl for others. This is an imp:,rtant issue when considering the eating of animal pnx:lucts. 

4.3 Carbon cycle -continued availabitityofcarbon in ecosystems depends 
on carbon cycling 

A;; we have seen, nutrients of the ecosystem are recycled and reused. All the chemical elements 
of nutrients circulate between living things and the environment. The process of exchange 
or 'flux' (back and forth movements) of materials is a continuous one. These movements take 
more or less circular paths, and have a biological comp:,nent and a geo:hemical comp:,nent. 
C.onsequently, these moYements are known as biogeochemical cycles 
We are going to examine the carbon cycle as an example (Figure 4.16). Look ar ir now. 
Locate rhe elemem carbon in borh an abioiic and a biotic componen1. Use this comprehensiw 
representation to construct a specific carbon cycle for the terrestrial ecosystem in which 
you lh·e. 



• Flgure4.16 Thec;rboncyde 

The carbon cycle illll'itrates the fact that biogeochemical cycles haYe two 'pools' of nutrients. 

• The reservoir pool is large, non-biological and slow moving. In the carbon cycle, this is 
chiefly the carbonates locked up in the chalk and limestone deposits of the Earth. 

• The exchange pool is much smaller, more active, and sited at the points of exchange between 
the living and non-living parts of the cycle. 

Haw )'OIi identified the rescrrniT and tfu: exchange pool in the diagram of tfu: carbon cycle! 
The processes by which carbon moYes between these pools, and bet\veen living things and 

the envitonment are summarized in Table 4.7. Read through the table and locate each process in 
the carbon cycle. 

• Carbon fluxes 
Notice that the size of the (X)Ols and the fluxing of carbon between them is summarized in 
Figure 4.17. Examine this data carefully, too. For example, the data on rates of flux will help 
confirm your identifications of the reservoir (XX}l and exchange (XX}l of carbon 
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• Table 4.7 How carbon Is circulated between living things and the environment 

Processes bywhlch carbonlsclrculated 

Photosynthesis in terrestrial Autotmphs rnnl'l.'ft co, frnm the atmosphe!e into c.arbohy{lrates and other organic rnmpounds. Aquatic 
,md aquatic plants plants use dissolved co and hyrlrogem:arbonate iom {as HCO - ) frnm the water in the same way. 
Resplratlon inalllMngthingl 
Decaybysaprotrophic 
m1uoorgamsms 

Methane formationfrnm 
organic matter under 
anaerobic conditions 

Shell and bone form ation 
by organisms 

aglirultureJOdbuilding 
materi.:l!s 
Volcanic eruptions 

erupt~ 

co is producro as a waste product and diffuses olll into the atmosphere or water. 
Dead organic matter is decomposed to co,. water. ammonia and mineral iom by microorganisms. The 
co1prnducl!ddiffuses outintotheatmosphereorwaterjasHC01- iom) 
In acidic and anaerobic rnnditiom. de.id organic matter i1 oot fu lly decomposed but acrnmulates as 
peat. Peat decays sklwly when exposed to oxygen. releasing co, into the atmosphere 
Peatinpastgeologicalareaswa1conve1tedtornal. oilorgasandthesefossilfuelsacrnmulated.They 
;arenowprogressivelyexpklited 
Ofganicmatterheldunderanaernbic:mrdtions{IUChasinwaterloggedsoilorint!lemudofdeepponds)i1 
decayed bymethane-prodocing bacteria. Methane ..crumu!ates in the !JOOnd in porous rods or under wale!. 
butffiitjPfogesWelyesc.,pe into the atmosphere. In .iir and light. methane (CH) i1 oxidized to co, and wale!. 
Release1C01 intotheatmosphere.Sincethe1tartofthelndustrlalRevolutiooinEurope.co,hasbeen 
releasedatanincreasin rate 
Many organisms combine Hco,- with calcium ions and other minerals to form carbonate s.hel!s .ind 
bones. These may am,mulate as sediments and rnme to form sedimentary rocks (chalk and limestone) in 
geojogk:altime.Reef-buildingrnralarepartirul.irexamplesofthis 
Terrestrial chalk and li mestone are qua rril!d and rnnverted to lime in kilns. co, Is rele .ised into the 
atmosphere in the process 

On a geological limescale. sl!diment.iry rods (induding cha lk and limestone) become subducted into the 
Earth"1 mantle . When vok.inoes erupt. motten rn<:k1 and co, are released into the atmosphere 

11.eda,rows Mellows lhat..-e,! 1:1~:b~,:,b:::: 
G,eenT • flo1<~ thataresens,tiveto temJ)l'falure 

• Flgure4.17 Carbonfluxesduetoprocesseslnthecarboncyde 

12 Outline the difference in the rates of "flux· between the atmosphl'le and land biota and between the 
deepcxeanandsedimentaryrcxks 

13 Estlmate whatpercentageoftheEarth"1carboni1lodedupinthe/l'ser11epool 
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• The monitoring of the level of atmospheric carbon dioxide 
The concentration of atmospheric carbon dioxide has become critically important today. It 
is important to obtain reliable data on the concentration of carbon dioxide and methane in 
the atmosphere. Appropriately, accurate measuring devises were established at the Mauna Loa 
monitoring station on Hawaii, beginning in 1957 as part of the International Geophysical Year 
initiative, to monitor the global environment. Measurements of carbon dioxide and methane are 
now the responsibility of two scientific institutions - the Scripps Institution of Oceanography, 
and the National Oceanic and Atmospheric Administration. Monthly data is posted 

The most recent data for carbon dioxide levels available from the on-going im·estigation 
are shown in Figure 4.18. Notice the annual rhythm shown in the atmospheric carbon dioxide 
concentration (lower in the summer months and higher in the winter months). This is due to 
photosynthesis on land in the Northern Hemisphere, which impacts on the composition of the 
global atmosphere. The unmistakable trend in this data is discussed in Section 4.4 below. 

14 lnthecyc:lingofc.irbon innature.stateinwhatformsinorganiccartJonc.inexi'itin 
a theatmos.phere 
b thl'hydros.phere 
c thelithosphere 
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• Flgure 4.19 

The greenhouse 

effect 

consequence of 

greenhouse gases 

t o the'greenhouse 

effect' 

4.4 Climate change -concent,ations otgases in the atmosphe,eaffect 
climates experienced at the Earth's surface 

• The g reenhouse effect 
The radiant energy reaching the Earth from the Sun includes visible light (short wave radiation) 
and infra-red radiation (longer wa\"e radiation - heat). It is the infra-red that principally warms 
up the sea and the land. As it is warmed, the Earth itself radiates infra-red radiation back towards 
space. HoweYer, much of this heat does no( escape from our atmosphere. Some is reflected back by 
clouds and much is ab,orbed by gases in the atmosphere, which are warmed. In this respect, the 
atmosphere is 1'-Urking like the glass in a greenhouse, which is why this phenomenon is called the 
greenhouse effect (figure 4.19). We must recognize that the greenhouse effect is very imporrant to 

life on the Earth - without it, surface temperatures would be altogether too cold for life 

into space 

The gases in the atmosphere that absorb infra.red radiation are referred to as greenhouse gases. 
Carbon dioxide and water vapour are the most significant greenhouse gases. Other gases, 
including methane and nitrogen oxides, have less impact. Note that ozone is another atmo,;pheric 
pollurant, but it is not the cause of or a contr ibutor to the enhanced greenhouse effect. 

The contribution of each gas to the greenhouse effect is largely a product of the properties of 
the gas and of how abundant it is at any time. For example, methane is considerably more EX>"-erful 
:is a greenhouse gas than the same mass of carbon dioxide. However, methane is present in l=-er 
concentrations than carbon dioxide. Also, it is a relatively short,liYed component of the atmosphere 
- in the light, methane molecules are steadily oxidized to carbon dioxide and water (Table 4.7). In 
Table 4.8 figures fur the typical contributions of the chief greenhouse gases are listed 

Comeound Approx.lmatecontrlbutlo n/% 

wate rvapoor{+douds) 

mettiane+nitn>qenoxides 

An enhanced greenhouse effect leading to global warming? 
Today, carbon dioxide is present in the atmosphere at a concentration of about 380-400 pamper 
million (ppm). We might expect the aroount ci atmospheric carbon dioxide to be maintained by a 
balance between the fixation of this gas during photosynthesis and release of carbon dioxide into the 
atmosphere by respiration, combustion and decay by microorganisms - an interrelationship illustrated 
in the carbon qde (Figure 4.16~ In fact, photosynthesis does withdraw almost as much carbon 
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dioxide during daylight hours as is released into the air by all the other procesres, day and night - but 
not quite as much. fu a resuk, the level d atmmpheric carbon dioxide is now rising (Figure 4.18). 

How current and historic levels of atmospheric carbon dioxide are known 

The composition of the atmosphere has changed over time - this is be)Ond dispute. 
The long-term records of changing levels of greenhouse gases (and a~ iated climate 

change) are based on evidence obtained from ice cores drilled in the Antarctic and Greenland 
ice sheets. The ice there has formed from accumulation of layer upon layer of frozen snow, 
deposited and compacted there over thousands of years. Gases from the surrounding atmosphere 
were trapped as the layers built up. Data on the composition of the bubbles of gas obtained 
from different layers of these cores from the Vostok ice in East Antarctic is a record of how the 
carbon dioxide and methane concentrations ha1·e varied over a periOO of 400 OOO years of Earth's 
history. Similarly, variations in the concentration of oxygen isotopes from the same source 
indicate how temperature has changed during the same perkxl (Figure 4.20). 

1 lhen,isadec:lineinbothtempe,ature 3Clfrnatehasbeente!ativelywa,m~nd 
ill\d <_1eenhousegascoocentratiom st..bleduringthelast10000)•"''' 
dOOngglacialpe,iods - theHoloc:eneinterglacialpe,iod 

/ ' ""'"'""'''""'""'""''""00 ] 

tl,ous,lndsofyembeforepresent 

----- The causes of historic and current levels of atmospheric carbon dioxide 
Figure4.20eKpl;ln 
whyiti1 that the 
atmosphe1kca1bon 
dioxide varies 
between high and 
low valves with in 
each12-month 
pe1iodofthegr.iph 

Changing levels 

ofatmospher1c 

C01-recordedand 

predicted 

From the graph in Figure 4.20, we can see that the level of atmospheric carbon dioxide has 
varied quite markedly. Note that there have been periOOs in Earth's history when it was 
especially raised. We assume these rises were triggered by volcanic eruptions and the weathering 
of chalk and limestone at these times. Today, we estimate that carbon dioxide from volcanoes 
contributes only about 1% of the amounts released by human activities. 

However, since the beginning of the Industrial Revolution in the developed countries of the 
world (the past 200 years or so), there has been a sharp and accelerating rise in the le..-el of this 
greenhouse gas. This is attributed to the burning of coal and oil. These 'fossil fuels' were mostly 
laid down in the Carboniferous Period. As a result, we are now adding to our atmosphere carbon 
that had been locked away for about 350 million years. This is an entirely new development in 
geological history. There is a correlation between rising atmospheric concentrations of carbon 
dioxide and rising avernge global temperatures. Many climate scientists argue this development 
poses a major environmental threat to life as we know it 

CO/ppm 

pre-lndustri~I Revolution level 1S0 (ot10) 

by2007 

by2013 

by 20SO(lfcurrentratelsmalntalned) 
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environmental 

change attributed to 

global warming 

• Evidence of environmenta l change t riggered by 
'greenhouse gases' 

A report of the Intergovernmental Panel on Oimate Change (IPC:X:::) has predicted highly 
significant environmental impacts as a consequence of global warming, triggered by current and 
rising lewis of carbon dioxide. Some of these are already evident (Table 4.10). 

TheAr{ticisah~hlysensitiverl'gion - kecOYervariesnatura llyacrnrdingtothesea'iOn.However.s.ince 
1979 the size of the l\lmmer polar ke cap has shrunk by more than 10%. In this perkxl. the decline in the ice 
has been. on aver.ige. more than 8% per dee.de. At this rate. there may be oo ice in the summer ol 1060 
TheassociatedGreenlandkeissimilarlyindl'Cline 

In Antarctica the P4cture is less dear. The Antarctic Peninsula has warmed. and 13000km' of ice has 
been lost in the past 50 years. Also. major se{tioos of the Antarctic ice shelf have broken off. Meanwhile. at 
times. the interior ice has tJecome {ooler and thicker. as circular winds around the land ma11 have prevented 
warmer air reaching the interior. Warmer seas may be eroding the ice from underneath. but the IPCC predicts 
thattheAntarclil:'1rnntribuliontorising1ea level1will bes.mall 
Glacier retreats 
Since19BO.ret1eatbyglacie11ha1beenhappeningworldwideandr.ipidly.Mid-latitudemountainrange1 
~ch as the Himalayas. the Tibetan plateau. Alps. Rockies and the southem Andes. plus the tropical 
~mmit of Kilimanj.iro show the greatest lo11es of glad er ice . Rivers below these mountain ranges are 
glacier-led. and so the melting of glaciers will have an increasing impact on the water supplies for a great 
man people 
Rising sea levels 
The impact of global warming on sea levels is due to the thermal expansion al sea water and the 
'Mde1p1eadmeitingofk:e.Theglobalaveragesealevelmseatanaveraqerateafl.8mmperyea1inthe 
period1960- l003.butduringthelatterpartofthatpeliodtheratewa1farhigherthanatthebl'(Jinning 
lfthi1acceleratloncontinuesatthernrrentrate.sealevel1couldrisebyatlea1t30cminthi1century 
This phenomenon will threaten low-lying illJnds Jnd rnuntriel (includ ing Bangladesh). and major dty 
rnmmunilie1 sudl as London. Shanghai. New York and To kyo 
Changlngwe;ther andoce;n currentpatterns 
At the prnes. mid. salty water 1inkl .ind i1 replacl.'d by surface water that i1 warm I'd in the tropics. Now. 
meltingicedl'Creasesoceansalinitywhichthen1lowsthegreatoceanrnrrent1 - the1ernnveyheatenergy 
from warmer to colder regions through their pattern of convection. s.o. for example. as the Gulf stream 
(whic:h. to date. has kept temperatures in Europe relatively WJrmer than in Canada) slows down. more heat 
is retained in the Gulf of Mexk:o. Here. hurricanes get their energy from hot w.iter. and are bernming more 
frequenta!ldmore1evere 

AIID.alterationinthepattem1ofheatandrainfalldistributionoverrnn~nentallandmassesarepredicted 
tocauseRus1iaandCanadatoe1.perieocethelarge1tmeantemperatureri1e1. followl.'dbyseveralAsian 
rnuntrielandalre.idydrought-riddenrnuntriesinWestAfrKa.Leastwarmingi1anticipatedinlrelandand 
Britain in the Northern Hemisphere. and New Zealand. Chile. Uruguay and Argentina in the south. The 
most immediately vulnerable populations are already impoverished communities in parts of Africa; the least 
vulnerablei1thewealthypcpu!ationafluxembaur9 
Coral bleuhlng 
Corals are {oloniel of smal animais embedded in a c.lcium carbonate shell that they secrete. They form 
under-water structures. known as coral reefs. ifl warm. lohalbN water' where l\lnlight penetrates. Mic:ro,;c:opic: 
(photosynthetit)algaeliveshelteredandprotected in thecellsof rnrals.Therelationsh-pisoneofmutual 
advantage (a form of 1ymbiosi1 ca lled mutuai,sm). for the coral gets up to 90% of its organic: nutrients from 
theseorganisms.Coralreef1arethe"rainfore1tsoftheoceans· - ttiemo1tdiverseofl'Cosystemskmmn 
Atthougl theyrnver le11 than 0.1% of the surface of the oceans. these reefs ;ire home to about 25% of al l 
marine1peoe1 

When under environmental stress due to high water temperature. the algae are expelted {causing lo11 
ofrnlour)andthernralst.irt1todie. Mas1bleachingeventsocrnrredintheGreat8arlierReefin 1999and 
1001 

Anothercauseofstl'es1isincreasingacidity.Asc.rbondioxidedissolvedintheoceansincreases.thepH 
decreases and the water bernme1 more acidic Toil i1 known a1 ocean acidilk:ation. This prevents the corals 
fmmbuildingandmaintainingthei1cakium c.rbonateskeletons.Thereef1aredi1solvi ng 

Today.rnralreefsaredyingallaroundtheworld.Theeffectsofthermalandacidk1tl'es1arelikelytobe 
exac:erb.atedundeffuturedimatescenalios 
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Global warm ing - internationa l responses 
Release of greenhouse gases occurs locally but has a global impact. International cooperation 
to reduce emissions is essential. What actions are needed to prevent the worst consequences of 
continued global warming? In Table4.ll possible responses are summarized. 

Effective actions that may combat threats from global warming 
Global wa rming- cooservefoo;silluelstocKs.usingthemonlysparingly.and onlywttenthere arenoapparentalternatives(such 
appropriate actions? asoilsfrombioluelrn(mes) 

develap nuclear power sourcl.'S to supply ek>ctricity for industrial. commercial and domestic needs 

develop'>O-cal ledrenewable'>Ourcesofpower.expioilingenviroomentalenergysources.such aswaveenergy 
and wind power 
developbiofuelsourcesofenergythatexploitorganicwastematter(whithwill naturallydecayanyway)and 
biofuelcrops thatarerenewablephotosyntheticsourcesofenergy 
reduce use of fuels for heating of homes (where necessary) to min imum levels by economical designs of 
(well-insulated)housingandreduceu'>eolfuelsinmoreeflicienttrans.portsystems 

p1eventthedestructionoffo rl.'Slsingeneralandof r;iinforestallaroulldthetropjcal1egionsoftheEa1thin 
parlirul~r.since theseareamajorco1-s.umps 

To be effective, any such actions taken in response to environmental challenges need to: 

• be agreed internationally as acceptable to all nations, and to be acted on by each and every 
one,simultaneously 

• recognize that existing developed countries have previously experienced their Industrial 
Revolutions (that largely initiated these processes of environmental damage). Surely 
these countries must fully share the benefits with less developed countries that would be 
required to otherwise forgo some of the benefits of development. Figure 4.21 summarizes 
the issue. 

lnle" -developedcount ries In developed countries 
naturalreID<X<P5suchasrainforestff'"djbelheorly?fOWClpeople thedestructionolnatural,esoorceslike rainl=telsewhereintheworld 
canmarl:ettoearnloreig,nruneocytopurchasegoodsandservices. is'>eenasa lh<eattostableenviroomentalcooditionsessentialforan 
often at developed·WOOd prices - an d the!!' is huge demand tor 100, established. comfortable w~ of life . This way ofl; fe is often based on 
restUcesfmmdevelopedar>ddeYeiopingcountries earlierexploitationofsjmi\a r ,esources 

• Figure 4.21 The environmental conundrum for today's world! 

YO! 6M190!! 
w€ ~EO T~~T ff€€ 
TOWOTECTlfSfmf,( 

T~EGl::WJtfOl(SEEffECT! 

16 Explain fullythewaysinwhichthedestructionofrainforestsalfettsthernncentrationofcarbondioxide 
inthe~tmosphere 
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Is effective international agreement possible? 
An international agreement to limit release of greenhouse gases by all industrial countries and 
emerging industrial countries was first agreed at the Earth Summit in Rio de Janeiro in 1992 
An initiative, known as Agenda 2 1, was launched. Subsequently, at the Kyoto Conference 
in Japan a first attempt was made to meet the pledges made at Rio. Carbon dioxide emission 
targets for the industrial nations were set for the period 2009- 2012. Now, discussions continue 
annually. 

However, 'polluting' nations (and there are many) have been allowed to offset emissions with 
devices such as carbon sinks - mechanisms by which atmospheric carbon dioxide is remO\·ed 
from the air either permanently or on a long-term basis. For example, carbon dioxide may be 
absorbed by additional forest trees, becoming the carbon of~ that is not harvested and 
burnt. However, many of the arrangements are so complex as to be difficult to enforce. Real 
progress is extremely slow. 

Individual responses - 'Think globally, act locally'? 
A i:oint for everyone to consider is what practical actioru; they, as individuals, can take to 

reduce their 'carbon footprint'. like all resolutions, ideas may be easier to esixruse than to carry 
through. Perhaps this is an issue to work at with a gtoup of peers, within the context of )OUT own 
environment, spheres of influence, and evaluations of the global crisis. 

• Global warming - contradicto ry schools of thought 
Long·term climate predictions depend on the accurate estimation of the impact of many 
uncertain factors. Owing to the complexity of this situation, it is wise to regard all predictions, 
whether pessimistic or optimistic, with a measure of scepticism. The distinctive schools of 
thought that ha'"e emerged include: 
I profoundly committed and concerned environmentalists whose views of the future are most 

accessibleinthewritingsof: 

James Lovelock (2006) The Rcwnge of Gaia. Allan Lane/Penguin Books 

Al Gore (2005) An lncarwenie111 Truth. Bloomsbury Paperback 

2 students of the long·term geological records of past climates and Earth conditions, who focus 
on the profound changes that have occurred and reoccurred in Earth's history, including 
through the bulk of time when humans were nm present 

3 atmospheric chemists who, for example, draw attention to the contribution of water vapour 
as the most influential greenhouse gas (accounting for about 95% of the Earth's greenhouse 
effect). Ignorance of this, they say, contributes to O\·erestimations of human impact. Some have 
argued that human greenhouse gases contribute only about 0.3% of the greenhouse effect 

Evaluating the claims of those who believe human actions are nor the cause of environmental 
change is difficult at this time - but they should not be ignored. There are aspects of this issue 
that can be summarized in the adage, 'What )OU see depends on where )OU stand', but perhaps 
thisisalwaysthecase? 

TOK link 
T11•flNEmtllDfluy"lncipl,I 
Thisissummedupt,ytheexpression, 'Bettersafethanrnrf}".lneffect,whenanactivityraisesthreats 
ofharm,measuresshouldbetak.en,evenifacause-and-effect relabons.hiphasnotbeenestablished 
sdentifk:ally. lnthernntextof'globalwarming'thisimplies 

• recognition of the most lik.ely consequences that may rerult from fa il ure to sJow down the rising level of 
atmos;ihe-rkcarbondklxide 

• a re1opOnse - thl'ac:tionsneededtoachievethis{seeTable4.11) 



• Examination questions -
a selection 

Questions 1- 2 are taken from 18 Diploma 
biology papers. 

Q1 The diagram shows a pyramid of energy for 
a wetland environment. What units would be 
appropriateforthevaluesshown? 

A kgyr-1 

B kJm-2y,-1 
C Jm-2 

~ '""' 14000 

D mg dry massm- l 
stand;,tdLeve/Paperl, TimeZoneO,Nav/2,Q/9 

Q2 The energy passing from the detritivores to 
the predatory invertebrates in this food web is 
14000kJm-2 yea,1. 

Approximately how much energy (in kJm-2yea11) 

passes from the predatory invertebrates to the 
carnivores? 
A 140 
B 1400 
C 14000 
D 140000 

St..ndatdLeff!i Paper I, Time Zone 2, M;,y 12, QIB 
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Questions 3- 10 cover other syllabus issues in this 
chapter. 

Q3 When parts of a natural environment are 
mainta ined under controlled circumstances in a 
smallarea,wesaythatitis: 
A a population 
B a mesocosm 
C an abiotic factor 
D a small lake 

Q4 What is the difference between a food chain and 
a food web? 
A A food chain shows some relationship 

between animals in a community 
B A food chain shows the amount of energy 

transfer between consumers 
C A food web shows the feeding relationships 

betweenanimalspresentinthesame 
community 

D A food chain takes place in a community while 
a food web takes place in a population. 

QS To which trophic level do the butterflies from the 
diagram in question 2 belong to? 
A producers 
B primary consumers 
C secondaryconsumers 
D tertiaryconsumers 

Q6 a Carbon is present in all organic compounds 
and in carbon dioxide gas in the atmosphere. 
Suggest where else inorganic carbon is 
commonly found in the biosphere, and in 
what forms it occurs. (4) 

b Describe by what processes the carbon of 
organic compounds will be converted to 
carbon of carbon dioxide. (2) 

c State where conversion of carbon dioxide to 
organic compounds occurs and what source 
of energy is involved. (2) 

d Expla in the fact that the average concentration 
of atmospheric carbon dioxide is almost stable 
on a daily basis. (2) 

e Identify the part played by the oceans, and 
organisms in them, in the carbon cycle. (3) 
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Q7 a ldentifywithinthecarboncycle,allthe 
activities performed by living organisms that 
reduce the greenhouse effect. (2) 

b In an ecosystem, minerals such as nitrogen are 

Q9 The levels of atmospheric carbon dioxide have 
been increasing dur ing the past years. Outline the 
reasonforthisincreaseandexplainwhyitshows 
a fluctuat ing pattern within a year. (4) 

recycledwhereasenergyisnot. Explain the 
reason for this situation. (4) 0

10 
:rst:;:~:h

0
~;;;:~ !:i7~~:~:~~dt:;~;ples, 

QS Draw a labelled pyramid of energy with at least 
four trophic levels and label: 
i autotrophicand heterotrophic organisms 
ii each trophic level 
iii consumer and producer organisms 
iv if the energy found in producers is 

SOOOOOkJm- 2y-1, calculate the energy 
transferred to the second, third and fourth 
trophiclevels. IB) 

a ecos}'Stem and habitat 
b population and community 
c species and genus. 

14) 
14) 
14) 



n Evolution and biodiversity 

• There is overwhelming evidence for the evolution of life on Earth. 
• The diversity of life has evolved and continues to evo lve by na tural se lection. 
• Speciesarenamedandclassifiedusinganinternationallyagreedsystem. 
• The ancestry of groups of species can be deduced by comparing their base or amino 

acid sequences. 

5.1 Evidence for evolution - the,eisove,whelmingevidenceto, 
the evolution of life on Earth 

• Evo lution occurs w hen heritab le characteristics of a species 
change 

Today, it is generally accepted that present-day flora and fauna have arisen by change ('descen1 
with modification'), probably very gradual change, from pre-existing forms of life 

By 'evolution ' we mean the gradual dewlopment of life in geological time, from its earliest 
beginnings to the diversity of organisms we know about today, living and extinct; it is the 
development of new types of living organism from pre·existing types by the accumulation 
of genetic differences owr long periods of time through the process of natural selection of 
chance variations. Meanwhile, the changes that an organism acquires in its lifet ime are not 
inherited and are not transmitted to its offspring. So, evolution is the process of cumulative 
change in the heritable characteristics of a population. This is an organizing principle of 
modem biology. 

Evidence for evolution comes from many sources, including from the study of fo.sils, from 
artificial selection in the production of domesticated breeds, from studies of the comparative 
anatomy of groups of related organisms, and from the geographical distribution of species. 

• Evide nce from foss il s 
We learn something about the history of life from the evidence of the fo.sils. Fossilization is 
an extremely rare, chance event. Predators, scavengers and bacterial action normally break 
down dead plant and animal structures before they can be fossilized. Of the relatively few fossils 
formed, most remain buried or, if they do become exposed, are overlooked or accidentally 
destroyed. 

Newrthele.s , numerous fo;;.sils have been found - and more continue to be discovered 
all the time. The various types of fossil and the steps in fossil formation by petrification are 
illustrated in Figure 5.1. Where it is the case that the fossil, or the rock that surrounds it, can 
be accurately dated (using radiometric dating techniques) , we have good evidence of the history 
of life. Radiometric dating measures the amounts of naturally occurring radioactive substances 
such Hcarlxm (in relat ion to the amount of llcarlxm), or "°potassium:40argon 

Fossils - extinct 'life' and intermediate forms 

The fo.sils in a rock layer (stratum) that has been accurately dated give us clues to the 
community of organisms living at a particular time in the past, although necessarily an 
incomplete picture. The fo;;.sil record may also suggest the sequence in which groups of species 
evolved, and the timing of the appearance of the major phyla. 
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• Rg ureS.1 

1 Manyfos1il1a1e 
preserved in 
sedimentary rocks 
Ex pla ln whythi'ii1 
so.with reference 
tohowsediment.iry 
rocksfo,m 

petrification - orgal"IOcmatterofthedeado,g.:mismi, 
,eplacedbymir,eralions 
mould - theorganicmatterdecays.butthespa,ceJeft 
becomes a mould. til ed by mineral matter 
trac• - animp<essiooolaform.sucha,aH'alorafootprin~ 
madein!ayersthatthenha,den 
prH•rvation - oftheintactwholeorganism;forexample,in 
amber(,es.inexudedlrnmaconiler.whichtt.,nsolid ified)or 
inanaernbk . .:,ddic:J)l'al 

St•psoffossilformationbyp•trification 
1 deadremainso/o,ganismsm.:,yfallintoalakeorsea 

ar>dbecomeboriedinsiltorsar>d.inanaerobic.low· 
temperature conditions 

2 hardpa,tsolskeJetonorlignihedplanttiss.uesm.:,ype~st 
ar>dbecome imp,egMtedbysilic.:,orc..rtx>nateions. 
harc!eningthem 

3 rema insharde<>edinthisw~becomecompressedinlayers 
of sedimentary rock 

4 ::~~';~:'e::!.:'~j~~;::::;:~' to the 
5 1ar>d-=tsmayexposesomelossilsandaf!"Ware 

disaweredbychancebu~olthere!ativelyleworganisms 
lossilised.verylewwill everbefrnmdbyhumans 

Intermediate forms of animals and plants may be the links between related groups of species. 
So, on occasions, the fossil record ought to provide evidence of the evolutionary origins of new 
forms of life. In fact, on this it is frustrntingly incomplete - very few 'missing links' have been 
found. However, a possible example of an intermediate form, discovered in the fossil record, is 
Archaeopteryx, a once-living intermediate bet\veen reptiles and birds (Figure 5.2). 

Th• fossilArchaeopf•ryxhadbird-li ke featu rH (• .g . feath•rs)tog•th•rwith r•ptil•·like fu tu , .. 
(e .g . tH th andalongtail) . Th•structur•andsiHofth••k• l• tonsuggHtthatitsmusculaturewasnot 
strong•noughtoallowflight . 

Thelossi1Ardiaeopreryx.foundin1B61 
triumphfortheideasolCharlesDarwin 

• Flgure5.2Archaeopteryx-amlsslngllnk 

Atmaeopre,yx - areconstruc!ion 
Th~bird~ikereptilemayhaveclimbedtreesusingc!aws 
onitswings . .:,r,dthengidedlmmtreetotree 

• Evidence from selective breeding 
Selecti\"e breeding (or artificial selection) is caused by humans. It is usually a deliberate and 
planned activity. It involves identifying the largest, the best or the mo,t useful of the progeny, 
and using them as the next generation of parents. Continuous remm.il of progeny showing less 
desired features, generation by generation, leads to deliberate genetic change. Indeed, the genetic 
constitution of the population may change rapidly. 

Charles Darwin started breeding pigeons as a result of his interest in variation in organisms 
(Figure 5.3). In the Origin of Specie! he noted there were more than a dozen varieties of pigeon 
which, had they been presented as wild birds to an expert, 'M)\Jld have been recognized as 
separate species. All these pigeons were descendants of the rock dove, a common wild bird 



• RgureS.3Charles 
Darwln'sobservatlon 
of pigeon breeding 

5.1 Evidence for evolution 213 



214 5 Evolution and biodiversi 

Jll!ll!IIIIIII Looking for patterns, trend s and discrepancies 

• Evidence from comparative anatomy 
The body strucrures of some organisms appear fundamentally similar. For example, the limbs 
of wrtebrates seem to conform to a common plan - called the pentadactyl limb (meaning 
'five fingered'). So, we describe these limbs as homologous structures, for they occupy similar 
positions in an organism, have an underlying basic structure in common, but may have 
e,·olved different functions (Figure 5.5). The fact that limbs of vertebrates conform but show 
modification suggests these organisms share a common ancestry. From this common origin, 
the ,·ertebrntes have diverged over a long period of time. This process is called adaptive 
radiation 

Another example of adaptive radiation is illll'itrated by the beaks of the finches of the 
Galapagos Islands (Figure 5.6). These birds mostly failed to catch Charles Darwin's attention 
on his visits to the Islands - the detailed study of these birds was undertaken later by the 
ornithologist David Lack. 

The nuiation in finch beak morphology is a genetically controlled characteristic. It reflects 
differences in feeding habits. The evidence the finches provided for Darwin's theory of evolution 
by natural selection m impressed Lack that he coined the name 'Darwin's finches'. It has stayed 
with them, misleading though it is. 

We can contrast homologous structures with other structures of organisms that have 
similar functions but fundamentally different origins. Their resemblances are superficial; these 
are described as analogous structures. The wings of an insect and a bat are analogous, for 
example 

• FlgureS.S Homologousstructuresshowadaptlve radlatlon 



• Flgure 5.6 Adaptlve 
radlatlonlnGaltipagos 
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•thefou,spedesoffinchloondoo0aph,..,~lsland. discussedfurthefoopage222 

• Evidence from geog raphica l dist ri but ion 
Countries with similar climates and habitats might be expected to have the same flora and 
fauna. In fact, they are often distinctly different. The wildlife of South America and Africa 
are good examples. Both of these areas have a niry similar range of latitudes and their habitats 
include tropical rainforests, savannah and mountain ranges. In addition, they share certain 
common fossil Tt'mains. These include a dinosaur known as Mesosaurus, which lived on both 
continents in the Jurassic period about 200 million years ago (mya). 

Today the faunas (and floras) of these land masses differ profoundly. For example: 

• South America now supports New World monkeys (these have tails), llamas, tapirs, pumas 
(amountainlion)andjaguars. 

• Africa now supports Old World monkeys, apes, African elephants, dromedaries, antelopes, 
giraffes and lions - but not the faunas of South America 

The explanation is that these land masses were once joined, and so shared a common flora and 
fauna - including the dinosaurs. However, about 150 mya they literally drifted apart (through 
plate tectonics, Figure 5.7). For the p-ast 100 million years the organisms of South America and 
Africa have evolved in isolation from each other. 

Species may originate in a given area and disperse out from that !Xlint, coming to occupy 
favourable habitats wherever they chance on them. But the huge ocean that opened up between 
South America and Africa formed an impossible barrier and evolution in each place took a 
separate path, producing different faunas and floras. This demonstrates that !XlPulations of 
speciescangraduallydh·ergeintoseparatespeciesbyevolution 
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• RgureS.7 

(plate tectonics) 

Continentaldrift(platetectonics):thecontinentsoftheEartharepartsofthe crust that"float" 
ootheunderlyingmaotle;thei"movement,~betheresultolconvectiooc....-rentsinthemantH' 

1About200milliony,,arsago(mya).itisbelived 
thatasinglegiantcontinent,knownasPangau. 

/ comprisedallth• landmassHofth•Earth. 

2About180mya 3About65mya 

• Local populations - the venues for evolution 
In nature, organisms of the same species are members of a local population. Remember, a 
(X)pUlation is a group of individuals of a species, living dose together, and able to interbreed. 
Therefore, we can look to local populations as the venues for evolution 

Lookai Figure 5.8, now. 

You can see that a population of garden snails might occupy a small part of a garden, say around 
a compost heap. A population of thrushes (snail·eating birds) might occupy some gardens and 
surrounding fields. So, the area occupied by a (X)pUlation depends on the size of the organism 
and on how mobile it is, for example, as well as on environmental factors (such as food supply 
and predation). 

The boundaries of a population may be hard to define. Some (X)pUlations are completely 
'open', with individuals moving in from or out to nearby populations. Alternatively, some 
(X)pUlations are more or less 'dosed'; that is they are isolated communities, almost completely cut 
off from neighbours of the same species. The fish found in a small lake are a gocxl example of a 
dosed population 
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• Rgure5.8Theconceptofpopulatlon 

Divergence in local populations 
Development of barriers within local populations is a i:ossibility. Before separation, individuals 
share a common gene pool (page 430) but, after isolation, processes like mutation could trigger 
change in one population but not in the other. 

Alternatively, a new population may form from a tiny sample that became separated from 
a much larger population. While the number of individuals in the new i:opulation may rapidly 
increase, the gene pool from which they formed might have been totally unrepresentative of the 
original,withmanyalleleslostaltogether. 

The outcome of these processes may be marked divergence between populations, leading to 

distinctly different characteristics. 
The isolated islands of the Galapagos, off the coast of South America, are 500 to 600 miles 

from the mainland. These islands had a volcanic origin - they appeared out of the sea about 
16 mya. Initially, they were uninhabited. Today, they have a rich flora and fauna which clearly 
relate to mainland species. 

This has been brought about in a number of ways. For example, motile or mobile species are 
dispersed to isolated habitats when organisms are accidentally rafted from mainland territories 
to distant islands. The 2004 tsunami in south-east Asia demonstrated how this happens. Violent 
events of this type have punctuated world geological history with surprisingly frequency. 
The story of how the GaLlpagos Islands ha'"e become populated with mainland species is outlined 
in figure 5.9. Look ar ir now. 

The iguana lizard was one example of an animal species that came to the GaLlpagos from 
mainland South America. The iguana found no mammal competition when it arrh·ed on the 
islands. Indeed, it was without any significant predators and, as a result, it became the dominant 
form of vertebrate life. We can as.sume it became extremely abundant. Today, there are 1wo 
species of iguana present, one terrestrial and the other fully adapted to marine life. The latter 
is assumed to have e'"o h·ed locally as a result of pressure from overcrowding and competition 
for food (both species are vegetarian), which dro,..e some members of the population out of the 
terrestrial habitat. This is an example of a local population of a species gradually diverging into 
separate species - another example of evolution 
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Manyo,ganism, (e.g. insects and birds) may have flown Of been carried on wind c,nents to the 
Gal;ipa~ frOO'\ the m.;nland. Mammals all' most unlikely to have survived drifting there on a natural 
raft1Nerthisdistaoce,btJtmanylargereptilescan,...v.Velongperiods1<ithoutfoodawater 

immigranttrav• ltoth•Gal;ipagos 

ThegiantiguanalizardsontheGal;ipagoslslandsbecame 
cJominantvertebfates,andtodayaretwodistinctspecies, 
one,tilltem,strial,theothermarine,1<ilhwebbedfeetand 

Terrestrial iguana 

• Flgure5.9TheGalapagoslslandsandspeclesdlvergencethere 

• Human activ ities may drive divergence - melanic insects in 
polluted areas 

During the Industrial Revolution in Britain, in the early part of the nineteenth century, air 
(X}llution by gases (such as sulfur dioxide) and solid matter (mainly soot) was distributed m"er 
the industrial towns, cities and surrounding countryside. Here, lichens and mosses on brickwork 
and tree trunks were killed off and these surfaces were blackened. The numbers of dark varieties 
of some 80 species of moth increased in these habitats in this period. This rise in proportion of 
darkened forms is known as industria l melanism. 

The dark-coloured (melank) form of the peppered moth Bi.Iron bemlaria tended to increase 
in these industrialized areas, but their numbers were low in unpolluted countryside, where pale, 
speckled forms of moths were far more common (Figure 5.10). The melanic form was effectively 
camouflaged from predation by insectivorous birds in sooty areas, and became the dominant species. 



experimenta l evidenc• 
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. me!ani::form 

D paleftxm 

resultsoffrequencystudiesin 
polluted and unpolluted habitats 

melanicform 
obsefvedinindustria lly 
polluted habitats 
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mark-..-.leaH-<:apturenperimentsusing 
laboratory-rearedmothsofbothforms.in 
polluted and unpolluted habitats 

• Fl g ure5.10 Thepepperedmothandlndustr1almelanlsm 

4 Ex.plalntheli'y 
d ifference between 
naturalandartifkial 

TOK link 
lnthestudyofevolutionaryhistory.do experimentshaveanyparttoplayine51.iblishing Knowledge? ,tan 
experimental.ipproachh.11a limitedrole. isthestudyolevolutiona·science·? 

5.2 Natural selection -thediversitrottifehasevotvedand,ontinues 
to evolve by natural selection 

• Evo lution by natural se lection - the ideas and arg uments 
Charles Darwin (1809- 82) was a careful observer and naturalist who made many discoveries in 
biology. After attempting to become a doctor (at Edinburgh University) and then a clergyman 
(at Cambridge University), he became the unpaid naturalist on an Admiralty-commissioned 
expedition to the Southern Hemisphere, on a ship called HMS Beagle. On this five-year 
expedition around the "M>rld, and in his later investigations and reading, he developed the idea 
oforg.inicevolutionbynaturalselection 

Darwin remained very anxious (always) about how the idea of evolution might be received, 
and he made no moves to publish it until the same idea was presented to him in a letter by 
another biologist and trawller, Alfred Ru~el Wallace. Only then (1859) was On ihe Origin of 
Species by Narural Se/«tion completed and published. The arguments and ideas in the Origin of 
SpeciesaresummarizedinTable5.1. 
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Darwln'sldeasabout 
theorlglnofspedes, 
summar1zedlnfour 
statements(S)and 
threedeductlons(D) 

from these statements 

Organismsproduceafargre.iternumberofprogenythanevergiveri'>elomatureindividuals 
Thenumberolindividualsin1peCie1remaimmoreorles1rnnstant 
Therelore,11\eremustbeahighmortalityrate 
Theindividual1inaspecie1.1renotallidentical,but1howvarialion1intheircharacteri1ti::s 
Therelore,1omev.iri.1nt1will~ccl.'l'Clbetterthanothersinthernmpetitionformrvival.S.Othe 
parent1forthenextgeneralionwillbe1ek>ctedlromtho'>emember1ofthes.pecie1better..daptedto 
thernndition1oftheenvironment 
Herl.'ditaryresembloncebetweeopa1ent1andoffs.pringls.1fact 
Therefore,sublequentgeneratiomwillmaintainandimproveinthedegreeofadaptationoftheir 
parents,b r..clualdl.ine 

• Neo-Darw inism 
Diaries Darwin (and nearly ever)One else in the scientific community of his time) knew 
nothing about Mendel's work on genetics. Instead, biologists generally subscribed to the concept 
of 'blending inheritance' when mating occurred (which would reduce the genetic nuiation 
available for natural selection). 

Neo.Darwinism is an essential restatement of the concepts of evolution by natural selection 
in terms of Mendelian and (X)St•Mendelian genetics, as follows 

Organisms produce many more 
offspring than survive to be mature • Table s.2 Numbers of offspring produced 

ind ividuals 
Darwin did not coin the phrase 'struggle 
forexistence',butitdoessumupthe(X)int 
that the over.production of offspring in the 
wildleadsnaturallytotheircompetitionfor 
resources. Table 5.2 is a list of the normal rate 
of production of offspring in some common 
species. 

Organism 

honey bee(queen) 

How many of these offspring survill<' w breed ihemseli'es? 

No. of eggs/seeds/young 
perbroodorseuon 

In fact, in a stable population on average, a breeding pair gives rise to a single breeding pair 
of offspring. All their other offspring are casualties of the 'struggle '; many organisms die before 
they can reproduce. 

So, populations do not show rapidly increasing numbers in most habitats or, at least, not for 
long. Population size is naturally limited by restraints that we call environmental factors. These 
include space, light and the arnilability of food. The never.ending competition for resources 
means that the majority of organisms fail to survive and reproduce. In effect, the environment 
can only support a certain number of organisms, and the number of individuals in a species 
remains more or less constant over a period of time. 

Natural selection can on ly occur if there is variation amongst members of 

the same spec ies 
The individuals in a species are not all identical, but show ,.iriations in their characteristics. 
Today, modem genetics has shown us that there are several wa~'S by which genetic variations 

l Variation arises in meiosis in gamete formation, and in sexual reproduction at fertilization 

We have seen that genetic ,.iriations arise via: 

• independent assortment of paternal and maternal chromosomes in meiosis (in the 
processofgameteformation,pagel44) 

• crossing o,·er of segments of individual maternal and paternal homologous 
chromosomes (resulting in new combinations of genes on the chromosomes of the 
haploid gametes produced by meiosis, pages 144 and 413) 

• the random fusion of male and female gametes in sexual reprOOuction. 
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These processes operate each time meiosis occurs and is followed by fertilization. The results 
are new combinations of existing characteristics that may favour individuals in their lifetime -
they may affect survival and opportunities to reproduce. If so, a particular individual's success 
in reproduction will result in certain alleles being passed on to the next generation in greater 
proportions than other alleles. 

2 Variations arise as the prOOuct of mutation (page 132), giving entirely new alleles. We have 
seen that mutations are changes in DNA Mutations occurring in ornries or testes (or anthers 
or embr)O sacs of flowering plants) are called germ line mutations. Since these mutations 
occur in the cells that give rise to gametes, they may be passed to the offspring. Meanwhile, 
mutations that occur in lxx:ly cells of multicellular organisms (somatic mutations) are only 
passed on to the immediate descendants of those cells, and they disappear when the organism 
dies. So, new characteristics acquired during the lifetime of an individual are nor heritable. 

As a result of all these factors, the individual offspring of parents are not identical. Rather, they 
show variations in their characteristics. 

Natural selection results in offspring with favourable characteristics 
When genetic variation has arisen in organisms 

• the favourable characteristics are expressed in the phenotypes of some of the offspring 

• these offspring may be better able to survive and reprOOuce in a particular environment; 
others will be less able to compete successfully to survive and reproduce. 

Thll'i, natural selection operates to determine the survivors and the genes that are perpetuated in 
future progeny. In time, this selection process may lead to new varieties and new species. 

The operation of natural selection is sometimes summarized in the phrase survival of the 
fittest, although these were not words that Darwin used, at least not initially. 

----- To avoid the criticism that 'survi~11l of the fittest' is a circular phrase (how can fitness be judged 

importance of 
mDdemgenetic1to 
the theory of the 
originol1pede1by 
natur.ilsek>ctkln 

except in terms of survival?), the term 'fittest' is understood in a particular context. For example, the 
fittest of the wildebeest (hunted herbiv01es) of the African 5a\1lnnah may be those with the acutest 
senses, quickest reflexes and strongest leg muscles for efficient escape from predators. By natural 
selection for these characteristics, the health and survh11l of wildebeests is assured 

• Environmental change and speciation 
When the environment changes, some individuals present may be at a disadvantage. If so, 
natural selection is likely to operate on individuals and cause changes to gene pools. We have 
already noted that individuals possessing a particular allele, or combination of alleles, may 
be more likely to survive, breed and pass on their alleles than are other, less well-adapted 
individuals. This process is also referred to as differentia l mortality. Two examples follow. 

Jll!llll!IIIIIII Use theories to explain natural phenomena 

Multiple antibiotic resistance in bacteria 
In this example, the majority of a population of organisms is not suited to an environment 
that has changed (with the addition of an antibiotic), but an unusual or abnormal form of the 
population is suited and, therefore, has a selective advantage. 

Here we are concerned with a species of pathogenic bacteria. Patients who are infected with 
the bacterium are treated with an antibiotic to help them overcome the disease; antibiotics are 
very widely used. In a large population of that bacterium, some individuals may carry a gene for 
resistance to the antibiotic in question. Such genes sometimes arise by spontaneous mutation 
Alternatively, the gene may have been acquired through sexual reprOOuction between bacteria of 
different populations. 

The resistant bacteria in the population have no selective advantage in U\I' absence of U\I' 
amibioric and mll'it compete for resources with non-resistant bacteria. But when the antibiotic is 
present, most bacteria of the population will be killed. The resistant bacteria are very likely to 

survive and will be the basis of the future population. In the new population, all individuals now 
carry the gene for resistance to the antibiotic. The genome has changed abruptly (Figure 5.11). 
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aninfedion 

Changes in beak size of med ium ground f inches on Daphne Major 
This example was the discowry of the evolutionary biologists Peter and Rosemary Grant 
It, too, illustrates how evolution can occur surprisingly quickly, rather than only by slow change 
over long periods of time. The Grants researched the finch populations of t...u islands in the 
Galapagos, Daphne Major and Daphne Minor. 

On Daphne Major, the medium ground finch (Goospiza fonis - Figure 5.6) tends to feed on 
small tender seeds, such as are av-ailable in abundance in wet years. During long dry perkxls (as 
occurred in 1977, 1980 and 1982), once the limited stocks of smaller seeds had been eaten, the 
surviving birds were those that could feed on larger, drier seeds that are more difficult to crack 
open. It was discm·ered in periods of drought that average beak size increased (figure 5.12). 



• Rgure5.12 Change 
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The explanation of this change was that when seeds were plentiful, beak size was not critical 
Beaks of a range of dimensions allowed successful feeding and breeding by all pairs. At these 
times, a range of beak sizes was maintained in the population (but possession of a larger beak 
conferred no particular adYantage). When only large, hard seeds were a~11ilable, birds with larger, 
stronger beaks survh·ed and bred, whereas those with smaller beaks mostly did not. This led to a 
change in the gene pool 

The Grants confirmed this hypothesis by measuring the beak size of parents and their 
offspring brocxls in this species owr sewral years. They found that beak size is genetically 
controlled - parents with large beaks had offspring with large beaks, generation after generation. 
So, in drought periods differential mortality quickly changes the genetic constitution of the 
populations of G. forris. 

j l I I I 
drought drooght drought 

yearsinwhichthestudywascooructed 

7 In Western rutture, the biblical acw.mt of ueation was generally accepted as authoritative until the 
eighteenth century. Thechrooologydet.iiledintheBiblesuggestedthatlifehadappearedonEarth.imere 
few thoosand years ago. This meant the Earth was ooly 5000- 6000 years okl. James Hutton (1726- <J7) . .i 
doctor. farmer and experimental scientist, realized that the sediment.iry rods of many existing mountain 
rarigeshadoncebeenthebedsoflakesandseasand.beforethat.hadbeentheroc:ksolevenolde! 
mountaim.HemadenoestimateoftheageoftheEarth.butherealizedthat.inrnntrasttobiblical 
estim.ites.theEarth"stimescalevirtuallyhadnobeginningandnoend 

Explain thesignifkancelorevolulioriarytheoryoftherealizationbyea!lygeologi1tsthattheE~rthwas 
morethanafewthousandyearsokl 

8 Suggest what sort of events might, in the past. have caused violent and~ habitat changeover a 
substantialpartofthesurfac:eoftheE.1rth 

TOK l.lnk 
The word "theory· rnmes frnm a GreeK word meaning ·seeing". Today. a scientific theory norma lly explains 
something. usually via some mental model. However. there is diversity of sdenlific: theories; they are 
oot ~lway.; prer:ise and mathem.itical. liKe those of Isaac Newtoo {1642- 1727). which seized people's 
imaginabonsandenabledthemtoseeapartirul.irbranchofscienceasextreme!ypreciseandexact 

Dipintothe0riginofSpedes - 1ayChapter7. findtheparagraph oothl'Greenlandwhale and the evolution 
ofthebaleenp!ates. Howwouldyoodesc:ribethi1re.1soning/Whatsortof"theory"ispte1entedhere/ 

5.3 Classification of biodiversity -,peci,w,n,m,d,nd 
classified using an internationally agreed system 

• The range of living organisms and their cl ass ification 
There are vast numbers of different types of living organism in the "M>rld - almost unlimited 
diversity, in fact. We refer to this issue as 'biodiversity', which is a contraction of the words 
'biological' and 'diversity'. By biodiversity we mean 'die total number of different species living 
in a defined area or ecosystem'. It is also applied to the incredible abundance of different types 
of species on Earth. 

Up to now, about 2 million species have been described and named in total. However, until 
very recently, there was no international 'library of living things' where new discoveries could 
be checked out. Meanwhile, previously unknown species are being discovered all the time. 
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• Fl gureS.13 
The relatlvenumber 
of anlmalandplant 

We might have expected all the wildlife to be known in the countries that pioneered the 
systematic study of plants and animals. This is not the case; previously unknown organisms are 
frequently found in all countries. Worldwide, the number of unknown species is estimated at 
between 3- 5 million at the very least, and possibly as high as 100 million. So scientists are not 
certain just how many different types of organisms exist. figure 5.13 is a representation of the 
relative numbers of known species that are estimated to exist in many of the major divisions of 
living things. 
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vertebrates 
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:~t1kand 
Taxonomy - the classification of diversity 

il\Sl'Cts{adass 
oltheartt.opods) 

Oassification is essential to biology because there are too many different living things to sort 
and compare, unless they are organized into manageable categories. Biological classification 
schemes are the invention of biologists and are based upon the best available evidence at the 
time. With an effective classification system in use, it is easier to organize our ideas aOOut 
organisms and make generalizations 

The science of classification is called 'taxonomy'. The word comes from 'caxa' (sing "' 
taxon), which is the general name for groups or categories within a classification system 
The scheme of classification has to be flexible, allowing newly discovered living organisms to 
be added where they fit best. It should also include fossils , since we believe living and extinct 
species are related. 

The process of classification involves: 

• giving every organism an agreed name 

• imposing a scheme upon the diversity of living things 

r 
Cooperation and collaboration between groups of scientists 

~ an:~:a~i~~~::.::~~t!~:,~ ~t~:e:~~t~n differ around the worW. They do not allow 
observers to be confident that they are all talking about the same organism. For example, 
the name 'magpie' represents entirely different birds commonly seen in Europe, in Asia 
and in Sri Lanka (Figure 5.14). Instead, scientists use an international approach called the 
binomial system (meaning 'a two-part name'). It has been by international cooperation and 
collaboration that the principles to be followed in the classification of living organisms have 
been developed. Using this system, eveq.une everywhere knows exactly which organism is 
being referred to. 
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(a)Europeanmagpie(Picapica) (b) Asian magpie (Plary,muros /eucopferu•) (c) Sri Lankan magpie (Urociua omafe) 

I 

• Flg ure5.14 'Magple'spedesofthewor1d 

oforgani1m1are 
often difficult 
toprooounceor 
remember. State 
why they are 

"""' 

So, each organism is giYen a scientific name consisting of t'M> words in Latin. The first (a noun) 
designates the genus, the second (an adjecti\"e) describes the species. The generic name comes 
first and begins with a capital letter, followed by the specific name. Conventionally, this name 
is written in iialics (or is~). As shown in Figure 5.15, closely related organisms have 
the same generic name; only their species names differ. You will see that, when organisms 
are referred to frequently, the full name is given initially, but thereafter the generic name is 
shortened to the first (capital) letter. Thus, in continuing references to humans in an article or 
scientific paper, Homo sapiens would become H. sapiens. 

Homo habilis (handy man - ntinct) Homosapien• (modem human) 

1----- • Flgure5.1 5Namlngorganlsmsbytheblnomlalsystem 

• The scheme of cl assification 
In classification, the aim is to use as many characteristics as possible when placing similar 
organisms together and dissimilar ones apart. Just as similar species are grouped together into 
the same genus (plural" genera), so too, similar genera are grouped together into families 
This approach is extended from families to orders, then classes, phyla and kin~oms. This is 
the hierarchical scheme of classification, with each successive group containing more and more 
different kinds of organism. In a natural classification, the genll'l and accompanying higher taxa 
consist of all the species that have evol\"ed from one common ancestral species. 
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The taxa used in taxonomy are given in Figure 5.16. 
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• Rgure 5.16 The taxa used In taxonomy, applied to genera from two different kingdoms 

TOK Link 
It was the SWedish botanist Karl Linnaeus (1707- 78) who devised the binomial system of nomenclature 
(page224)inwhKheveryorganismhasadoublenamernmistingofalatinizedgeneric name(genus)and 
as.pl'<ificadjective(s.pecies).Therewasnoprobieminlinnaeus·dayindefin;ngs.pl'(ie1.becauseitwa1 
believedthate..c:hspecieswasderivedfrnmtheoriginalpairofanimal1rreatedbyGod.Since1pede1had 
beencreatedinthisway.theywerefixedandunchanging 

Linnaeu1aisoproposedfourdislioctgmupsofhumans(ineffl'(t.·rac:es·).basedonphy1iG1landsoc:ialtraits. 
which were widely perceived .it that lime. Toc!.ly. this view is reg.irded .is both inrnrrl'(t and racist These 
specificexamplesillustratethal"10Cialvalue1·otthedayhaveimp..c:tson1cience-and"sc:Jl'oce·has1odal 
implicalionstoo - butbotharemosteasilyrl'<ognizedinretrospect.perhaps/Di:scuil 
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Domains and kingdoms 
At one time the living world seemed to divide naturally into two kingdoms consisting of the 
plants (with autotrophic nutrition) and the animals (with heterotrophic nutrition). These two 
kingdoms grew from the original disciplines of biology, namely botany, the study of plants, and 
zoology, the study of animals. Fungi and microorg:rnisms were con\"eniently 'added' to botany! 
Initially there was only one ptoblem; fungi possessed the typically 'animal' heterotrophic 
nutritionbutwere'plant-like'instructure. 

Then, with the use of the electron microscope, came the discovery of the two types of cell 
structure, namely prokaryotic and eukaryotic (page 29). As a result, the bacteria with their 
prokaq.utic cells could no longer be 'plants', since plants ha'"e eukaryotic cells. The division of 
living things into kingdoms needed overhauling. This led to the division of living things into five 
kingdoms (Table 5.3). TOOay, taxonomists sometimes reclassify groups of specie, when new evidence 
shows that a previOU'i taxon contains species that ha'"e evolved from different ancestral specie, 

Prokaryotae - theprakaryotekingdom.thebacteriaandcyanobacteria(photosyntheticbactena). 
prl.'domin<itety unitellu!aro rgani:s.rm 
Protoctlsta- theprotoctistankingdom(eukaryote1).prl.'dominatelyunitellu!a1.and,;eenasre,;emblingthe 
ance1torsofthelungi.p!antsandanimal1 
Fungi - the fungal kingdom (eukaryotes). predominately multicellular organisms. non-motile ,md with 
heterotmphitnutrition 

Plantae- thl'plantkingdom{eukaryo tes).multitellu!aror g,a nism1.non-motile.withautotmphicnutrition 

Anlmalla - the animal kingdo m (eukaryotes). mulbcellular o rganisms. motile. with hetemtrophic: nutritkm 

Notethatvirusesarenotda1silie<lasliving organi1ms 

Extremophiles - and the recognition of 'domains' 
Then came the discovery of the distinctive biochemistry of the bacteria found in extremely 
hostile environments (the extremophiles), such as the 'heat-loving' bacteria found in hot springs 
at about 70°C. This led on to a new scheme of classification. These microorganisms of extreme 
habitats ha,·e cells that we can identify as prokaryotic. However, the larger RNA molecules 
present in the ribosomes of extremophiles are different from those of previously known bacteria 
Further analyses of their biochemistry in comparison with that of other groups has suggested 
newevolutionaryrelationships(FigureS.17). 

ThPSee\Olutionaryrelationshipshavebeenestablishedbycoo-.,ar;ngthe<eq\.eflCe 
ofbases(nudeobdes)intheribosomalRNA(rRNA)presentinspec:iesofeach<.,oop 

Eukarya 
(eukaf)<ltes) 

'Theshortestbranchesleadtohy?"fthem,ophHicspecieswhkhsug~t1that!he 
ooivefsalancestorolall livingthongswasahyperthem,ophile(possibly"assembled" 
ooderconditionsatdeepoceanventswhereYOk:anicgasesa,edischargedintowater 
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• Flgure5.17RlbosomalRNAandtheclasslflcatlonofllvlngorganlsms 
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All organisms are now classified into three domains 
As a result, we now recognize three major forms of life, called domains. The organisms of each 
domain share a distinctive, unique pattern of ribosomal RNA and there are other differences 
which establish their evolutionary relationships (Table 5.4). These domains are 

• the Archaea (the extremophile prokaryotes) 

• theEubacteria(thetruebacteria) 

• the Eukaryota (all eukaryotic cells - the protoctista, fungi, plants and animals). 

Actually, the Archaea have been found in a broader range of habitats than merely extreme 
environments. Today, some occur in the oceans and some in fossil-fuel deposits deep underground 
Some species occur at deep ocean vents, in high temperature habitats such as geysers, in salt pans 
and in polar emironments. Some species occur only in anaerobic enclosures, such as in the guts 
of termites and cattle, and at the bottom of ponds among the rotting plant remains. Here, they 
breakdown organic matter and release methane - with important environmental consequences. 

Eukaryota 

ONAofchromosome(s) circular genome cirrnlar genome 
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Arch..ealrnembranesrnntainlipid1thatdifferfromthoseofl'Ubacteriaand 
eukaryotes{Figure5.18). 
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A major ..dvance in the study of bacteria was the rl.'tognition, in 1<J77 by Carl Woese, that Arch..ea have a 
separatel ineofevolutionarydescenttobacteria. Famousscientists.includingluri.aandMayr.objl.'ttedtohis 
divi1i<lnoftheproL1ryotes. Towhatextentisrnnservatisminsciencedesir.ible7 

Classification of the plant kingdom 
The green plants are terrestrial 01ganisms, adapted to life on land, although some do occur in aquatic 
habitats. They are eukaf)otic 01ganisms, with a wall containing cellulose around each cell. In their 
nutrition, green plants are autotrophic organisms, manufacturing sugar by photosynthesis in their 
chloroplasts. The sugar is then stored or used immediately to sustain the whole of the metabolism. 

A distinctive feature of green plants is their rather complex lifecyde: there are t'M> stages or 
generations - a gametophyte generation that produces gametes and a sporophyte generation that 
forms spores. The derails of this feanae do 1101 concern us here , bm ir does accoum for some oih.eru,ise 
puzzlingaspecisof g,-eenplams1rucn1re1andlifecycles. 
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The phyla that make up the green plants 

Green plants range from simple, tiny mosses to huge trees - incidentally, trees include some 
of the largest and oldest living things. The four main phyla of green plants are the mosses and 
liverworts (Phylum Bryophyta), ferns (Phylum Filicinophyta), conifers (Phylum Coniferophyta) 
and flowering plants (Phylum Angiospermophyta). Figures 5.19- 5.22 present the simple 
recognition features of the four phyla, in tum. 
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• Rgure5.21 Phylum 
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evenoopootsoils.andarethe 
dominaotplantsinnorthem(boreal) 
forests.for example 

• Themainlrnnkcootim.esloCJfOW 
stra'9ht.andsideb<anct...saretypk.ally 
lormedinwhoos.gMn(j)'Our,gtrees 
simple cone-shaped outlines. Within 
stem.leavesandrootsisva<CUlartissue 
lorconduc:tingwateraodnvtrients 
around the plant 

• leavesareusua llyv.'Mjandr>eedle4>aped 
Theyaremostlyeve,g,eeo.the,ea.,esable 
to,esistdamageinlowtempe@turesand 
he"")'soowfall.whenwate,suJIPliesare 
locked away as ice 

. ~·~~-~:·.~,~~~ 
oftenom1oothesametree.Typicaly. 
theseedtakes2- Jyearstolormlrnm 
arrivalofJ)Ollen(frommalecones)to 
releaseandd~ofseeds 

• S.UMvaloopoo,soilsisa.dedbytheif 
mvtua llyadvamageousrelationshjpwith 
soillungiinmodiliedroot5(mycDllhiza) 
inwhichfungal ttuei>ds{hyJ)ha,e)'tri>de' 

cooeinthi"dseason ioosfrornthesoillorexcesssuga, that 

~ ~'1'!11111,c:'<•t seed dispe=~ • ~"'nc";; ~::!J~ CJfON fast and 

• Rgure5.22Phylum the monocotyl• dongrassPoa 

Anglospermophyta­

theanglospermophytes 

stra'9ht,theyform--·aty important 
cmps oltimbersknownas'sottwoods' 

lntroducingtheangiospermophytH 
• Theangiospermophytesarethedominant 

CJfoupoflandplants.Manya reherbac:eous 
(non·woody)plants;othersare trees(han:l 
woods)orshrubs 

• Thestem,,ea.,esandroot5conta.nva,oj ar 
tissue(xyfemandphloem)thatcleijverswatef 
andnutrientsall a, oundtheplant 

• Leavesareeiaboratestructures'Mthawaxy, 
;:,1::r:::coveringandpores(stornata)in 

• =~i:..:;.:::::1~~fe"'· 
enclosedinanOYa,yand,atterfertilization, 
theOYa,ydevelopsintoalruit 

• Withdevelopmentolthellowerhavecorro:, 
romplexmechanismsofpoltentransfefand 

~!i::.;..;:ifter,.,..,:i"'w~:i insects, birds, 

• TheangiospermophytesaredMdedintothe 
monocotyledons and dicotyledons 

Themonocotyk,c!ons{e .g.thegrasses)mo5tly 
havepa,allelveinsintheirleavesandhavea 
singleseed-leaf;ntheembryointheseed . ~~~~~.=~~~~ 
leaves in the embryo 



• Rgure S.23 

PhylumPorlfera­

thesponges 
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Classification of the animal kingdom 
Animals are multicellular, eukaryotic organisms with heterotrophic nutrition. Typically, the body 
of an animal has cells that are highly specialized by their structure and physiology to perform 
particular functions, such as muscle cells for movement. Specialized tis.sues often occur together 
to form organs, which carry out particular functions in the body. Most animals ha'"e some form of 
nervous s~atem to C<X>rdinate their body actions and resp:mses. These features of animal structure 
and function are mostly explored in relation to the human mammal, in Chapter 6. 

A point of contrast with plants is the simplicity of the \ifeqde of animals (although some parasitic 
animals are an exception to this). Their li~le is diploid, with the adult producing haploid gametes 
(sperms and ova) by meiosis. After fertilization, the IY!Pte divides to produce an embr}u, which, early 
in development, becomes a characteristic hol.low ball of cells, called a blastula. 

An animal's lifestyle may be reflected in its body plan - many animals are in more or less 
constant movement, often in search of food, for example. The symmetry of the body of a motile 
organism is typically bilateral , meaning that there is only one plane that cuts the body into 
two equal halves. Also, with motility comes a compact body, elong-.1.ted in the direction of 
movement, so shaped to offer least resistance to the surrounding medium - air or water. Since 
the anterior (from) end experiences the changing environment first, sense organs become 
located there. The result is the evolution of a head which is distinct from the rest of the body, a 
developmentalprocesscalledcephalization 

However, the body of an animal with a non-motile or sessile lifestyle may sOOW radial symmetry. 
The body is approximately cylindrically organized, with body parts arranged around a central axis. 
There are many planes by which the body can be cut into equal halves. No head is formed 

Some non-vertebrate phyla of the animal kingdom 

The phyla of animals is introduced here, with a selection of non-vertebrate groups, namely the 
sp:mges (Phylum Porifera), jellyfishes and sea anemones (Phylum Cnidaria), flatworms (Phylum 
Platyhelminthes), roundworms (Phylum NematOOa), the molluscs (Phylum Mollusca), and the 
jointed-limbed animals (Phylum Arthropoda). Figures 5.23- 5.28 present the simple recognition 
featuresofthesesixphyla,intum 

l"'1ro50knia(1 - 1anwide) 

lntroducingtheporifera 
• Theporileraarethes.imJ)lestroolticellular 

animals.struct..-al!yittlemo,ethancolonies 
ofcells.Theyarea.quatic:andlfffltlymari,.., 
animals(oocet~ttobeplants) 

• 'ipongesareformedinto5'mplesac·ike 
structuresofcel!sintwolayers.arranged 
aroondaceotral(gastric)cavity 

• Cel!softhewallsolthespongespecial izefo, 
feeding.struct..-alsupport orrepmru<:tion 
Theyaretheoolyrrulticellula,an;malsto 
entirelyladar,;nervoussystem 

• feedingis ootinys.uspendedparticles ­
plankton - whicha,ed,awninthrooghpores 
inthewalisandaretakenupt,,. indM dwlcel!s 
to be digested 

• Spongesmayreprndoceasexualybybudding 
andalsose».Ja lly - formingfree·swirrrning 
larvaewhichi,thedispe<s.alstagefo, this 
sedentary animal 
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• RgureS.24 
PhylumCnldarla­
theJellyflshesand 

• RgureS.25 
Phylum 
Platyhelminthes-

Hydra 
afres.hwaterhydroidrnidarian 

P/anaria 
afree· ivingflalw<lm> 

body contains 
branched gut 

ln troducingthecnidaria 
• Thernidariaorroelenterates(meaning 

"hollowgut)areaquatical"IOmals.mostly 
marine.withradiallysymmetricalbodyplans 

• Thetxxt,,cavrlyisagutwithask,cjeopening 
:

1
~tionoffoodandegestionofwaste 

• Theboctfwalisoftwoiayersofcells - anooter 
ectodermandanirne,endoderm - separated 
byalayeroljely.them .. oglu 

• Theectorlermindudesstingingcellswhic:hmay 
betrigge,edbypa,singp<ey.W,ththesecells. 
p<eyispoisoned.pa,aly;edandhelduntilpushed 
intothegutlordigestion 

• :~ngcellsareloundespeciallyonthe 

• lleha,..;,,..ofthebodyiscoordinatedbyanerve 

::,~.: l~el~lea.incontactwiththebasesof 

• Therearealtema!Neboctflormsinthemidaria ­
eitherasessilehydroidform(illustratedbyHyd@) 
oratloatingm,,11,.alorm(illustratedbythe 
jellylish). Thesebodyformstypkallyalternatein 
the lifecycle 

• lhernidariaalsoindudethesea=-""' 

'""' 

lntroducingtheplatyhelminthes 
• Theplat;nelminthesarefla~unsegmroted 

animalswithabodybuiltlromthfeecell 
layers(triploblasticorganisation) 

• Thereisnocavityinthemic!ctelayer.They 
haveamouthandagutwithm.merous 
b<anches.butthereisooanus.Feedingis 

~.~::'gingorJ)ledatingonott-.>rsmall 

• There i,noc~culatorysy;teminthe 
platyhelminthb<xt,,.butthegenerallysmal. 
thin.oftentlatbodymeansthatoxygencan 
dilfuseeasilytomostcells 

• Thereare"tlarnecells"p,esentlorexcretion 
andreguiabonolwaterar,dions;ntheboctf 

• l'latyhe!minthesoftenhavebothm.,leand 
lemalereproduc!NeorgansinoneindMdt>al 

=~:~~~~;~:~~~ but the d,a,;ces 

• Somearefre,,.jivingflatworms.butothersa,e 
parasiticftukesortapeworms.ThephyllJJll 
containsma"fimportantpa,asites 



• RgureS.26 

Phylum Annellda­

thesegmented 

• RgureS.27 

Phylum Mollusca -

Femategenital -·· [.~
""""""'"""" 

• Maleg.en~al 
aJ)l'fture 

= 
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Introducing the annelids 
• These are wom>-like animalswith~softbody 

(withouta,ijdsl;eleton).builtol~fixedm.mber 
olsimilars99m•nts(Yisibleexternallyasrings) 
fachsegmentcontainsthesame?,}ttemol 
nerves.bloodvesselsandexcreto<yorgans.This 
a<Tangementiskoownasmeumeric 
segm•ntation 

• lnte~ly.thesegmentsareseparatedbysepta 
thatdMc!ethebodycavity(coelom);nto 
compartment,.eachsu<Toundedbythemuscular 
bodywall.ThecoelomisftuKHilledandmuscles 
olthebodywall bmgaboutma,ementsby 
workingaga¥1stthepressureoltheHuid;nthe 
coelomrompartments.Thislormsafle;oCble 
hydrostatic skeleton 

• Gaseousexchangeoccursthroughthewhole 
bodys..-lace.whichiskeptmoist.Theblood 
contiMmanoxygen·transportingJ)tgment 

• Thecollectionofsenseorgansandtheleed¥1g 
structuresattheanteriorend.koowna, 
cephalization.modilie,;thesegmentation 
pattem"°""'""""t.Asolid(non·!uWar)--.tral 
ne,vecordroostheleogtholthebody 

Introducing the molluscs 
• Themolluscsaretheslugs.Wls.limpet,. 

rr,,melsandoctopuses.Theyareahuge 
anddversegroopolorga,,isms.theserond 
largestphylumintermsolnumberolspecies 
MostareaquatKandloond¥11feshwateror 
marir..habitits.butalewareterrestrial 

• Theyareanimalswithgenerallysolt. flexible 
bodies.whichshowlittleoroo....;deoceol 
segrnentation.Thebodyisdiw>edWltoahead. 
aflattenedIT>Jscularfootandah...-.,or 
Yisceralmassoftenrn'""edbyashell.secreted 
byalaye,oltissuecaltedthemantle 

• Thecompactbodyshapeolmoluscsmeam that 
diffusionisnoteffeclMeforthetransportol 
nutrients.andmolluscshaYegills.oroccasKlf\illly 
lungs.lorgaseousexchange.a,,,,'l'll a,a 
welk!evek,pedbloodcirculation 

• Mostmolluscshavearasping.tongueaeraduta 
usedlorleeding 
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• RgureS .28 

Phylum Arthropoda­

theJolnted-llmbed 

~ ''"'''"" 

lntroducingthe anhropods 
• Thearthropodaarethemost,.,merically 

successful olallanfrrnls.aodaredMded 
intofiveclistinctgroop,;:thecrustacHns. 
theuachnids.thecenti1Mdes.the 
milliped .. andthein .. cts 

• Theseal"IOmalsn.:tvesegmentedbodies. 
e<N!'fedbyaha,dexternalskeletonmade 
olchitin.withjointed limbs{alte,wtikh 
theya,ernmed).TyJ)Kally.thefeisone 
pairof~spe,segment.bvtthispattern 
hasbeenlostfromsomeartm,pods 

• Theexoskeletoncannol<Jfowwiththe 
animal.so;thastobeshedJ)l'fiodica lly 
(moulting).aodreplac:edwithalar<J"fooe. 
intowhichtheenlaf9ngall0malgrows 

• Theblooddrculationisopen;thebloodis 
inahemocoelca,,,;tysurroundingal l tt... 
0<gansoftt...oody. Atutiularheart 
P'-"'""'P'bkxxl;ntott...hemocoel 

th • butt u fly • ThelunctioningoltheoodyiscOOfdinated 
byaventralne....,ronlwithne,vesrunning 

pupa i-~ .;~~5;~~= 
( \ . \ ) ~~:';ro,:·,~:.::,~ 

\ :~:::1c~.;.,.andapa,ot 

_.....,_, ,..• _,, ~ !~!'.:ci"::!:~p~rt, thatilfem<rlfied 
parred limbs 

la,va(caterpillar) adult (butterffy) - ~ac:~'::;,:'..,'I'temoftubes. thatpipeair 

Introducing phylum Chordata 

The chordates are a phylum that inclOOes the vertebrates, but also some non-vertebrate groups, 
including the tunicates (sea-squirts). They are all triploblastic, coelomate animals that ha1-e a 
dorsal strengthening structure (called a notochord) in their lxxlies for at least some stage of their 
development. lying above the notochord is a dorsal, tubular neo-e cord. In the pharynx region of the 
lxxly are a series of pharyngeal slits, opening between the pharynx (between =th and esq,hagus) 
and the outside of the animal. There is also a post-anal tail. All these features are present in all 
chordates, but not necessarily for all stages of their life. In some vertebrates, for example, some of 
these features are only briefly present, being lost early in embryological development. 

Sub-phylum Vertebrata 

The vertebrates are those members of the phylum Chordata which have a vertebral column in 
place of the supporting rod, the notochord. The vertebrates indOOe the fish, amphibia , reptiles, 
birds and mammals. The features of these classes of vertebrates are introduced in figure 5.29. 
Much of animal biology in this book concerns the vertebrates, particularly the human animal. 

• The construction of d ichotomous keys 
The process of naming unknown organisms - for example, in ecological field work - is 
imp:,rtant but time-consuming. We often attempt this by making comparisons, using 
identification books that are illustrated with drawings and photographs, and that provide 
information on habitat and habits, to give us dues to the identity of organisms. 

Alternatively, the use ofkers may assist us in the identification of unknown organisms. The 
adl11mage of using keys is that it requires careful observation. We learn a great deal about the 
structural features of organisms and get some understanding of how different organisms may be related. 

The steps in the construction of a dichotomous key are illustrated first (Figures 5.30- 5.13). 
Fol!owihesieps, th.enpui1heminwprac1iceyoumlf 



5.3 Classification of biodiversity 235 

~a;,~o~;:~h1~:~~~ ~ fish): 

• moulhwithalefmonalpo<itionoothehead 
• thegillsarec!IYl'fedbyabodyllap,theoperculum 

aa .. Amphibia(theamphibians): 
. ,,,,.ibiamhavemoistsl;inandusetheskinlorrespiratrny nostril ~ ::;:,.. moistsk in 

gasexc:hange . movth .,-_ . ..._ 
• larqelytem>strialanirnalsthatbreedinwate,,where 

fertilizatoonisexternal.The!arvalstage(thet,q,ole)i, 
aquatic 

• thetad?')leundergoesmetamorphosismtoateoestrial 
adul~ e.g. R.ana(thelrog) paired 

ausAvH(thebirds): 

pent~ 

ClaH Rept~ia (th • reptiles): 
• tenes!Tialvertebrates,withdry,imJll""'Klll'skinprotected 

byOYerlapp<ngscales 
• gaseousexchangeoccufSinlOOC]'i 
• ~~lizationisintemal,bvtthefertilizedeggsareiak!witha 

• typic;aly,reptiieshavefourpentadactyllimbs,butinthe 
snakesthelimbsarereduceda<absent,e.g.l<><:erra(lizard) 

• birdshiweastrong,li,j,tskefeton; limbbonesan,nollow 
withinte,nalstruttinglorstrength 

• theskinoltheboo;iscoveredbyscak>s 
• thefO<efimbsaremodifiedaswings;massiveflightmuscles 

areanchoredtothepectoralgi,dle 
• birdsareendothefmic,'Mthahi,j,andcomt..ntbody 

temperat..-e 
• ferti lizatooni,intemal;eggsare iak! withaloodstore(yolk) 

andahardcakareousshell,e.g. Columba(pigeon) 

ClaH MammaUa (the mammals) 

~u:,a;:,~~~h=: :~,tal mammals): 

• mammalshavefoorpentadactyllimbs 

• :..he==:::~JaJ'iCUlardial)hragm 

• mammalsareendothermic,witharelativelyhighand 
coost..ntboo;temperature 

• lertilisatiooisintemal;they0<.<>gromJ)letetheirearly 
developmentintheuterus;wt>enbomtheyarefedonmi lk 
producedinmarrmaryg!ands,e.g.l-lomo"1piem(human) 

• Flgure5.291ntroduclngthevertebrates 

A 
'W' 
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• FlgureS.30 

for the construction 

of a dichotomous key 

Steps in key construction 
The steps in key construction are illustrated using eight different tree leaves, as shown in 
Figure 5.30. When selecting a leaf, care must be taken to ensure that it is entirely representative 
of the majority of the tree's lea\"es 

First, each leaf is carefully examined and the most significant features of structure are listed 
in a matrix, where their presence (or absence) is recorded against each specimen, as shown in 
Figure5.Jl. 

Then, from the matrix, a characteristic shown by half (or thereabouts) of the leaves 
is selected. This divides the specimens into two groups. A dichotomous flow diagram is 
constructed, progressively dividing the specimens into smaller groups. Each division point is 
labelled with the critical diagnostic feature(s), as shown in figure 5.32. 

Finally, a dichotomous key is constructed, reducing the dichotomy points in the flow diagrnm 
to alternative statements to which the answer is either 'yes' or 'no'. Each alternative leaf is given 
a number to which the reader must refer to carry on the identification, until all eight leaves have 
been identified (Figure 5.33) 

·•r• 
·--... , 
····-/ 
Hlndian HorHChestnut(Himalaya) 

* 



• Flgure5.31Matrlx 

shown by one or 

more of the sample 

• FlgureS.32 

diagram of leaf 
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TrNleaves.identifiedbynumbtlr 

Future of leaf: present (,I) or absent H 

leafnot<Widedintoleaflets(leafenti!l') 

leafbladenarmw.v.ithamostparallelsides 

leafletsrad,atefromonepoint(palmate) 

leafletsarranged intwo,owsak>ngstalk 

leaf/leafletma,gin,mooth 

leaf/leafletma,gintoothed.hkeasaw 

leafbladeheart.a;haped 

leafbladeboat·shaJll'(l(widestinmiddle) 

leafletpaddle-shaJll'(l.widestnea<oneend 

leaf blade narrow ~ :i:::gintoothed 

/ ;;:~,,"'~"'""'-------.. 
blade margin smooth 

leaf entire 

~-'·'·'~ 
leafbladebmad ~ 

bladeboat-4\aped 

(D.G) 

-----.. blade heart-shaped 

lealletspaodle.,;haped 

leafletsradiate ~ (widestatoneeod) 

leafdMded 
/

'-=""'"' (C. H) 
-----.. leaflets boaHhaped 

(widest,nmiddle) 

into leaflets 
(B.C.E. H) ""-

~ ~a:!;'~':nged~ lealletsSorless 

(B. E) -----.. leaflets more than 10 

• -, 
~ 
-' ; • 
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• FlgureS.33 

Dichotomous key to 

the sample of eight 

• RgureS.34 

AselectlonofCamln's 

3 B!ademargintoothedlikeasaw 
Blade margin smooth 

48!adeboat-shaped 
Bladehearl·shaped 

5 Leafletsradiatelromonepoint 
Leafletsarrangedintwomws 

6LeallelsJMdde-<haped-wic!e<tator..end 
Leafletsboat·shaped - wide,tinthemiddle 

Practising key construction 

Mac• donianOak 
Osier 

SwMtCh .. tnut 
Southern Catalpa 

HorseCh .. tnut 
lndianHorHChHtnut 

Joseph Cam in, a biology teacher at Kansas University, designed a family of 'animals' in order to 

introduce the principles of classification in a prnctical way. Some of his 'caminacules' are shown 
in figure 5.34. Use a copy of these to construct a key, following the steps detailed on page 236. 
Alternatively, use a suitable selection of eight living biological specimens. 

~·,)· p ...... ..::::-.)·/~··· , . ,, . 
f ,•' - -·- · 

E F G H , I. &'·": .·· cfd···. . . : .·. :,•. ,• 
~ / ·.·'\: . .. 

11 Design a method of das1ilying animals and plants which are rnmmonly found in gardem or farmland 
thatmightbeuselulto.inenthulia1ticgatdel\l'rorfarmer 
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homologous 
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5.4 Clad istics - the ancestry of groups of species can be deduced br 
comparing their base or amino acid sequences 

• An artificial or natural classification? 
The quickest way to classify living things is on their immediate and obvious similarities 
and differences. For example, we might classify together animals that fly, simply because 
the e,sential organ, wings, are so easily seen. This would include almost all birds and many 
insects, as well as the bats and certain fossil dinosaurs. However, resemblances between the 
wings of the bird and the insect are superficial. Both are aetofoils (structures that generate 
'lift' when moved through the air), but they are built from different tissues and have different 
origins in the body. 

We say that the wings of birds and insects are analogous structures. Analogous structures 
resemble each other in function but differ in their fuOOamental structure. A classification based 
on analogous structures is an artificial classification (Table 5.5). 

Alternatively, a natural classification is based on similarities and differences that are due to 

close relationships between organisms because they share common ancestors. We have already 
seen that the bone structure of the limbs of all vertebrates suggests they are mOOifications of 
a common plan which we call the pentadactyl limb (Figure 5.5, page 214). So, there are many 
comparable bones in the human arm, the leg of a horse and the limb of a mole. Structures built 
to a common plan, but adapted for different purposes are homologous structures. We see these 
adaptations of a common structure as evolutionary change, driwn by natural selection 

Analogous structures 

demonstrateonlysuperfkialresl.'mblances 
forex.ample.win9sofbirdsand imect1 

Homologousstrucb.Jres 

aresimilarinpositionanddeveklpmen~ but not 
neces1ari infunctKln 
aresimilarbecauseofrnmmonance1try 

forexample.limbsolvl'flebrates 

A classification based on homologous structures is believed to reflect evolutionary 
relationships. It is called a natural or phylogenetic classification. A diagram illustrating 
evolutionary relationships between species is called a phylogenetic tree or cladogram. The 
word 'tree' is employed because the branching pattern shows when different species 'split off' 
from others. 

• Clades and cladograms 
Rather than any form of artificial (superficial) classification, taxonomists seek to use 
evolutionary relationships in the schemes of classification of living things that they propose. 
Phylogenetic trees or cladograms have t'M> important features: 

• branch points in the tree - representing the time at which a divide between two taxa 
occurred 

• the degree of divergence between branches - representing the differences that have 
developed between the t'M> taxa since they diverged. 

So, taxonomists poOOer the question of which features are the more significant in a phylogenetic 
taxonomy, and so should receive the greater emphasis in devising a scheme. 

If the answer to this question is that the measurable similarities and differences of anatomy 
should be used to arrange species into dichotomously branching trees, then the product is a 
dendrogram. 

In cladistics, classification is based upon an analysis of relatedness, and the prOOuct is a 
cladogram. A clade is a group of organisms that have evolved from a common ancestor. The 
differences between a dendrogram and a cladogram are illustrated by lizards, crocOOiles and birds 
(Figure 5.35). Lizards and crocodiles resemble each other more than either resemble the birds, 
but crocodiles and birds share a common ancestor. 



240 5 Evolution and biodiversi 

clmificatioobylhe<Jfoupiogtogethe<of 
o,ganismslt,atlookmostalike,toJIIO(b:e 
a dendrog ram 

clmifu:atioobythe(jfoopingtogethe<ol0<ganisms 
with a more ,ecentcommon ar.c:est0<, to pmdoce a 
cladogram 

• Rgure 5.35 Cladlstlcs - one of two ways of classifying 

• Table5.6 Evldence 

of evolutionary 

• Table5.7Number 

of amino acid 

differences In~ 

chalnofhemoglobln 

compared to human 

hemoglobln 

• Evidence for a natural classification 
Evidence of evolutionary relatioruhips comes from a range of studies (Table 5.6). 

Palaeontology 
(study offossll s) 

Comparative 
biochemistry 

Comparative 
embryology 

Fossils tl.'llusaboutorganismsinthegeologicalpast.Sometirnes,they,epresent 
intermediatefOfms - linklbetweengmupsoforganisms, suchasATcheopreryx.a 
possible'missin9 1ink'betweenreptile1andbirds 

Thernmpm.itiooolnucleicacid'iandcellproteimestablishdegreesofrelateal!'ls ­
closelyrl.'latedorgJnismss.howfew'erdifferences inthernmpositicmof'ipecifk 
nuclekacid'iandcel pmteins 

study of the development of an 0<ganism from egg to adult may th11m light oo its 
evo lutioo.fofexample.thearrangement ofarteriesanddevelopmentoftheheartin 
e.irlyvertebrateemb!yosfolowsimil.ltpattem1 

Comparative anatomy studil'lol c~.ltalive anatomy shON lhatm.r,y structural featur!'I a/E bask.ily siITTlar. 

All living things have DNA as their genetic material, with a genetic ccxle that is virtually 
universal. The processes of 'reading' the code and protein synthesis, using RNA and ribosomes, 
are very similar in prokaryotes and eukar)'Utes. Processes such as respiration involve the same 
types of steps, and similar or identical intermediates and biochemical reactions, similarly 
catalysed. ATP is the universal energy currency. Among the autotrophic organisms the 
biochemistryofphotosynthesisisvirtuallyidentical 

This biochemical commonality suggests a common origin for life, because the biochemical 
differences between the living things of tcxlay are small. Some of the earliest events in the evolution 
of life must have been biochemical, and the results have been inherited CTK>re or less universally. 

TOOay, similarities and differences in the biochemistry of organisms have become extremely 
important in taxonomy. For example, hemoglobin, the p chain of which is built from 146 amino 
acid residues, shows variation in the sequence of amino acids in different species. Hemoglobin 
structure is determined by inherited genes, so the more closely related species are, the more 
likely their amino acid sequence is to match (Table 5.7). Variatioru are thought to ha1·e arisen 
by mutation of an 'ancestral' gene for hemoglobin. If so, the longer ago a species diverged from 
a common ancestor, the more likely it is that differences may have arisen. 

Species Species 

rhesusmookey lamprey 

1ea 1lu9 (mollusc) 

Similar studies have been made of the differences in the polypeptide chains of other protein 
molecules, including ones common to all eukaryotes and prokaryotes. One such is the 
universally occurring electron transport carrier, cytochrome c (see pages 137- 138). 
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Biochemical variation used as an evolutionary or molecular clock 
Biochemical changes, like those discussed above, may occur at a constant rate and, if so, may be 
used as a 'molecular clock'. If the rate of change can be reliably estimated, it does record the time 
that has passed between the separation of evolutionary lines. 

An example comes from immunological studies - a means of detecting differences in specific 
proteinsofspecies,andtherefore(indirectly)theirrelatedness. 

Serum is a liquid produced from bkxxl samples from which blood cells and fibrinogen ha'"e 
been removed. Protein molecules present in the serum act as antigens, if the serum is injected 
into an aninrnl with an immune system that lacks these proteins (page 92). 

Typically, a rabbit is used when investigating relatedness to humans. In the rabbit, the 
injected serum causes the prOOuction of antilxxlies against the human proteins. Then, serum 
produced from the rabbit's blood (now containing antilxxlies against human proteins) can 
be tested against serum from a range of animals. The more closely related a test animal is to 
humans, the greater the reaction of rabbit antilxxlies with human-like antigens (bringing about 
observable precipitation, FigureS.36). 

The precipitation produced by reaction of treated rabbit serum with human serum is taken 
as 100%. For each species tested, the greater the precipitation, the more recently the species 
shared a common ancestor with humaru. This technique, called comparative serology, has been 

lmmunologicalstudiesareameaos of detectingd ifferencesinspecilicproteinsofspecies. 
andthen,lore-Ondirectly)theirr•latedness 
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used by taxonomists to establish phylogenetic links in mammals and in non-vertebrates. The list 
of animals tested in this way is given in Table 5.8. Of course, we do not know of the common 
ancestottotheseanimalsandtheblocxlofthatancestorisnotavailabletotest. 

However, if the sequence of the 584 amino acids that make up the blocxl protein albumin 
changes at a constant rate, the percentage immunological 'distance' between humans and any of 
these animals will be a product of the distance back to the common ancestor plus the difference 
'forward' to the listed animal. Hence, the difference between a listed animal and human can be 
halved to gauge the difference between a mOOem form and the common ancestor. 

The divergent evolution of the primates is known from geological (fossil) evidence. So, the 
forward rate of change since the lemur gives us the rate of the molecular clock - namely 35% in 
60millionyears,or0.6%everymillionyears 

This calculation has been applied to all the data (Table 5.8, column 5). 

Spec ies Prec ipi tation/% Difference from 
human/% common ancestor 

(half difference ancestor/mya 
from human) 

thimpanZl'!' 

spidermon 

We can now construct a cladogram based on the biochemical data in Table 5.8 - Figure 5.37. 

R ela tedness measu red from DNA samples 

It is possible to measure the relatedness of different groups of organisms by the amount of 
difference between specific molecules, such as differences in the base sequence of genes in 
DNA. The genetic differences between the DNA of various organisms give us data on degrees 
of divergence. Look ar Figure 5.38. Here, the degree of relatedness of the DNA of primate species 
suggests the number of years that have elapsed since the ,11.rious primates shared a common 
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~:,';~:and '--- = f\,(VVV'-

:::: 0 
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become single strands anotherspe;:ies. prepa,ed 
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fVVVVVVVVVV'. JVVVVVV\fVV\/\ 

~r::::i'&.caus,,s,. 
to align1<ilh 
complementary DNA 

~~ 
ho ghcomplementarity low complementarity 

TheclosenessoflhetwoDNA,ismeasuredbyfinding 
thetemperat\Xeatwhkhlhey"'Jl"rale - thefewer 
bondslormed.the'°""'rthetemperat,.....,requi,ed 

Thedegreeof,elatednessoftheONAolprimatesp•ciesunbe ~~a::,:• estimatedoomberofyea" since they shared a 
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• Flgure5.39Plants 

Falsification of theories 

• Reclassification of the figw ort family using evidence from 
cladistics 

The Scrophulariaceae (figv.urt family) - one of the groups of flowering plants that have long 
been recognized by plant taxonomists - was a large and varied family. Typically, genera of this 
family had irregular (zygomorphic) flowers, like those of the snapdragon and the foxglow, 
for example. The flowering plant families were designated before most biochemical studies 
were applied to plant taxonomy. Nevertheless, many families appear to be (largely) natural 
classifications, for example the rose family (Rosaceae) which includes many fruit plants and the 
Crucifereae which includes many economically important plants 

Today, flowering plant classification is being revisited. (Indeed, all classification is being 
revisited.) Most evidence for plant evolutionary relationships now comes from a comparison of 
DNA sequences in only I to 3 genes found in the chloroplasts of the plant cells. These genes 
are of modest length, about 1000 nucleotides long. However, they have provided more secure 
information on evolutionary history than the differences in anatomy and morphology on which 
thetraditionalclassificationswerebased 

Plants of the family OrobanchacHe. previously in a large. diverse family Scrophulu iac.ae 

Scrophularlaceae,now Yel low·rattte(Rhinanrhu<mjno,) 

andprevlously 

Plan ts ofthe modem fa milyScrophulariacu• 

Mullein(Verbasrum/ydl,liris) figwort(Scrophul~nanodos.a) 

Plantsofthe family Platag inacase. previously inth•familyScrophulari aceae 
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In the reorganization of the figwort family, three genes (totalling less than 4500 nucleotides) 
have been compared from many species of plants, including some formerly classified in 
the Scrophulariceae. The outcome has been the repositioning of several genera into other 
families (and the reassignment of others, previously in other families, to the newly defined 
Scrophulariaceae). Examine ihe clm.log,-am rh.tu sumJ up 1he evidence and idemifies wme major 
changei (Figure5.40)andtheillus1rmiansofreprese111mivepla111sinl'Dli,ed(Figure5.39). 

A note of caution 
Despite these additional, largely biochemical, sources of evidence, the evolutionary relationships 
of organisms are still only partly understcxxl. Consequently, current taxonomy is only partly a 
phylogenetic classification. 

~::.:::!uding 

--herbaceousroot-para,ites. 
some deprived of chlorophyll 

Thi<lamilynowincludesgeneraprew>U<Jvinthe 
S.Crophulariaceaeinduding 
Pedirularis.e.g.P.pa/usrri,(Red-faltle) 
Rhjnamhu,.e.g . R. mioor(Yelk,w.rattte) 
Me/ampfrum.e.g.M.prareme((ow·wheat) 
fuph"'5ia.~.g . f.miuan!hu,(E)'e"bfighl) 
Odoorill's.e.g . 0 . vema(RedBa,t>ia) 

Otherlamiliesincludong 
l'lantaginaceae 

('w>fonicacea.e) 
Thi<lamilynowindudesgene,aprew,uslyinthe 
Scrophula<iaceae inducling 
AnM"hioom,.e.g.A.majus(SraJK*agon) 
Digiralis,e.g.D.purp<Jt&J{FoxgkNe) 
Verooica.e.g.V.officinalis('i.peedw,>11) 
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• Examination questions -
a selection 

Questions 1-2 are taken from 1B Diploma 
biology papers. 

Q1 A biologist exploring an uninhabited island came 
across an unknown plant. She made the following 
notes: 

grows in a damp and shady corner of the 
island 
has largefeatheryleaveswithsporecases 
(sporangia) arranged on the underside 
young leaves are tightly rolled up 
has roots. 

In what phylum should she classify this plant? 
A Angiospermophyta 
B Bryophyta 
C Coniferophyta 
D Filicinophyta 

Sranda,-dLeve/Paperl. nmezooea.Nav12,Qt8 

Q2 Which of the following is a characteristic of 
platyhelminthes? 
A Many pairs of legs 
B Flatbody 
C Hard exoskeleton 
D Presence ofcnidocytes 

HigherLeve/Papef'I, rrmeZooe2.Mayll.Ql9 

Questions 3- 10 cover other syllabus issues in this 
chapter. 

Q3 Evolution by natural selection happens as result of 
which of the following: 
A the survival of the strongest organisms in a 

population 
B the variability of male gamete cells produced 

during meiosis 
C thechangesinthefrequencyofalleles 

overtime 
D when populations reach their transitional 

phase due to shortages in supplies 

Q4 The three domain system shows the differences 
betweenEubacteria,ArchaeaandEukarya. 
Which of the follovving are characteristics used to 
differentiate amongst these domains? 
A Metabolic activities and habi tats 
B DNA associated with proteins and presence of 

chlorophyll molecules 
C Type of locomotion and feeding activities 
D Size of ribosomes and materials used to make 

their cell wall 

QS Identify the phylum to which the following 
organisms belong to. (6) 



Q6 a Antibiotics are used to treat bacterial diseases. 
Outline how bacteria evolve in response to 
the presence of antibiotics as an example of 
natural selection. (4) 

b Outline how the evolution of homologous 
structures and selective breeding of 
domesticated animals can be used as 
evidences of evolution. 

Q7 Discuss how natural selection leads to 
evolution. 

Q8 The scientific name of the Arizona mud turtle is 
Kinosternon arizonense and for the yellow mud 
turtle it is Kinosternon f/avescens. 
a State what is meant by the binomial system 

(4) 

(8) 

of naming living organisms. (2) 
b State if these two turtles belong to the same 

i class 
11 genus 
iii species. (3) 

c Sophora f/avescens is the scientific name of 
a different organism. State if this particular 
species has some evolutionary relationship 
with the yellow mud turtle based on their 
scientific names. (2) 

d Outline with a named example how scientists 
use the binomial system to avoid confusion. (2) 
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Q9 a Draw a graph of the growth of an animal 
population after introduction to a new, 
highly favourable environment. Annotate the 
stagesof thecurvetoestablishthefactors 
influencing change in population size at each 
stage. (6) 

b In a natura l environment the numbers of a 
population in the community of organisms 
present normally fluctuate unpredictably. 
Identify the natural influences that change 
population numbers in these circumstances. (6) 

Q10 Use a table as shown to state one external 
feature characteristic of each group. 

Group Characterlstlcextemalfe; ture 

rnidaliam 

flower ing plants 

171 



n Human physiology 

• The structure of the wa ll of the small intestine allows it to move, digest and absorb food . 
• The blood system continuously transports substances to cells and simultaneously collects 

waste products. 
• The human body has structures and processes that resist the continuous threat of 

invasion by pathogens. 
• The lungs are actively ventilated to ensure that gas exchange can occur passively. 
• Neurons transmit the 'message', synapses modulate the message. 
• Hormones are used when signals need to be widely distributed . 

Physiology is about how and why the parts of the lxx:ly function in the way they do. Linked with 
physiology is anatomy - the study of structure. Structure gives vital dues to function, such as 
when the structures of our arteries and veins are compared, for example 

Physiology is also an experimental science. For example, physiological experiments have 
established that cells of organisms function best in an internal environment that stays fairly 
constant and is maintained within quite narrow limits. We talk about a constant internal 
environment - which can be observed in mammals, such as the human, and which is our 
focus here. 

In this chapter, we first examine how the lxx:ly obtains nutrients, breathes and exchanges 
gases with the air, and maintains an efficient internal transport system. 

Pathogens, many of them microorganisms, may bring disease to healthy organisms. 
Accordingly, cells of our bkxxl circulat ion also have roles in defence against conununicable 
diseases. Finally, the roles of nerves and hormones, the processes of homeostasis, and aspects of 
sexual reproduction are discussed. 

6.1 Digestion and absorption - thest,uctureofthewallofthe 
small intestine allows it to move, digest and absorb food 

----- An animal takes in food, which is complex organic mat ter, and digests it in the alimentary 

ofhetl.'l"otrnphk 
nutrition.other 
thanholamic 

canal or gut, producing molecules that can be taken up into the lxx:lycells via the blood 
circulation system. This is known as holozoic nutrition (meaning 'feeding like an animal'). 
Holozoic nutrition is just one of the forms of heterotrophic nutrition (meaning 'feeding on 

----- complex, ready-made f<Xxls') to obtain the required nutrients. The important ecological point to 
remember about all heterotrophs is their dependence, directly or indirectly, on organisms that 
manufacture their own elaborated foods. These organisms are the photosynthetic green plants, 
known as autotrophs. This dependence is demonstrated in food chains 

• Digest ion, w here and w hy? 
The food an animal requires has to be searched out or, possibly, hunted. Some mammals eat 
only plant material (herbivores); some eat only other animals (ca rnh'ores); and others eat both 
animal and plant material (omnivores). Whatever is eaten, a balance of the essential nutrients is 
required by the lxx:ly. The sum rota[ of the nutrients eaten is the diet. 

The mammalian gut is a long, hollow muscular tube connecting mouth to anus . Along the 
gut are several glands, and the whole structure is specialized for the movement and digestion of 
food and for the absorp tion of the useful prOOucts of digestion. The regions of the human gut are 
shown in Figure 6.1, and the steps of nutrition in Table 6.1. 



• Rgure6.1 
The layout of the 
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/ ~ 
mouth · Jl<llate 

"~"'"'"~ ::::,. 
trad,ea esophagus 
(to lung,) 

abdom inal cavity; 

=~1;;:irr!,Y_ 
(peritooeum) 

This diagram shows how the structure of the digestive system can be represented, but it is not 
annotated to indicate the functions of the different parts. When you are familiar with structure 
and function of the parts of the human gut, answer question 2. 

2 Construct atableshowingthe regionsofthehumangutanditsassodatedglarids:mouth;esophagus; 
stomach;smallinll'ltine:panueas;liver;ga llbladderandlargeintestine. Completethetablebydetailing 
thefunction(s)ofeachregion. {TheM>annota~onscouldbeaddedtoadiagram1Uchasfigure6.l.) 

Step Process 
Ingestion foodtaken intomouthforpnxl'lsing in thegut 
digestion • medlanicaldigeslionbytheactionofteethandthemusrularwa llsofthegut 

• chemical digestion by enzymes. mainly in the stomadl and intestine 
• starch.g!yc:ogen. lipidsandnudeic:a.dd1a1edige1tedtomonomers 
• pmteinsaredlgestedto.iminoacids.dipeptides(andsomeveryshortlengthsofpolypeptide) 
• cellulose remains undigested 

a bso rption solubleprodll(l1oldk}estionareabs0fbedintotheblooddrrnlation1ystem{intothe 
lymphatic1ysteminthecaseoffatdmplets) 
productsofdigestionareabsorbedfrnmbloodintobodycell1(sudla1liverandmusde 
ce lls)andused or stored 

egestlon undigestedfoodanddeadcells fromthe liningolthegut.togetherwithbacteriafmmthe 
gutfklra.areexpelledfmmthebodyasfaeces 
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• Rgure6.2Chemlcaldlgestlon-thesteps 
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The bulk of the food which is taken into the gut consists of insoluble molecules that are too 
large to cross the gut wall and enter the bloodstream. Our diet largely consists of carbohydrates, 
lipids and proteins. These must be hydrolysed to monosaccharides, fatty acids and glycerol, and 
free amino acids (or very small polypeptides) before they can be absorbed and, later, built up 
into the carbohydrates, lipids and proteins required by our lxxlies. The chemical structure of 
carbohydrates, lipids and proteins is discussed in Chapter 2. The chemical changes that occur 
to food during digestion are summarized in Figure 6.2. Food cannot be said to have truly entered 
the lxxly until it has been digested and the products have been absorbed across the gut wall 

The first stage in the breakdown of large, insoluble food molecules is mechanical digestion 
This occurs by the action of the jaws and teeth in the mouth, and, later, through the churning 
action of the muscular walls as the food is moved along the gut, particularly in the stomach 
Throughout the gut, waves of contraction and relaxation of the circular and longitudinal 
muscles of the wall propel food along. This process is known as peristalsis. (Gut muscles are 
described as involuntary muscles because they are not under conscious control.) 

The chemical digestion that follows is brought about by enzymes. Digestive enzymes 
are protein cataly>ts that are produced in specialized cells in glands associated with the gut. 
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Several different enzymes are secreted onto the food as it passes along the gut, and peristalsis 
mixes together enzymes and food. Most macromolecules are digested into monomers by enzyme 
action in the small intestine. Enzymes work efficiently at the relatively low temperature at which 
the lxxly is maintained. Digestion is completed by the enzymes that were secreted onto the food, 
working together with those held in the plasma membranes of cells of the gut lining. Examples 
of digestive enzymes are listed in Table 6.2. 

3 a Explaln whydige1tionilan e11e ntial stageinnutrition 
b State twoes1entialfood1thatdonotrequiredige1tioo 
c ld entlf yapolysaccharidethatthehumangutcannotdigest 

En zyme 
amy!ao;e sa livary glands 

ga1tlicg!and1 protein 
lipa,;e triglyceride 

polypeptides 

fatty acids and 
erol 

Note: Sim ila r enzymes. otJtain e<l from other sources {including miaoorganilms). have applicatioris in the 
industfialproductionofsugarfromst;irchandinthebrewingofbeer{page102). 

• Digestion in the stomach 
The stomach, a )·shaped muscular bag, is located high in the abdominal cavity, below the 

----- diaphragm and liver. The stomach wall contains gastric glands. These secrete hydrochloric acid ­
4 E11.plaln whattype 

of chemical reaction 
is cataly'iedbythe 
enzymes involved in 
dige1tion. 1uc:ha1 
those thatrnnvert 
protl'imtoamino 
..cidsand starc:hto 

sufficiently acidic to create an environment of pH 1.5- 2.0. This is the optimum pH for protein 
digestion by pepsin, a protease enzyme in the gastric juice (Table 6.2). Pepsin is secreted in an 
inacti\"e state and is acth"ated by the hydrochloric acid. This acid also kills many of the bacteria 
present in the incoming food. Mucll'i is also secreted by the stomach lining and bathes the wall 
This prevents autolysis (self-digestion) by the action of hydrochloric acid and pepsin. The food 
is now mixed with gastric juice and churned by muscle action, becoming a semi.liquid called 
chyme. This churning action is an imix>rtant part of the mechanical digestion process. A typical 

_____ meal may spend up to four hours in the stomach. 

• The roles of the small intestine 
The structure of the wall of the small intestine enables the movement, digestion and absorption 
of food. It is in the small intestine that completion of digestion of carbohydrates, lipids and 
proteins occurs, and the useful products of digestion are absorbed. In humans, the small intestine 
is about 5 m long. Within the wall are layers of circular and longitudinal muscle. Alternating 
contraction and relaxation of these muscle fibres mixes the food with enzymes and moves 
it along the gut. Throughout its length, the innermost layer of the wall is formed into vast 
numbersoffinger.\ikeorleaf.likeprojectionscal\ed villi. 

Digestion in the small intestine 
Food enters the first part of the small intestine (known as the duodenum) a little at a time 
Here the chyme meets bile from the bile duct and the pancreatic juice from the pancreas. Bile 
is strongly alkaline and neutralizes the acidity of the chyme. It also lowers the surface tension 
of large fat globules, causing them to break into tiny droplets, a process called emulsification 
This speeds digestion by the enzyme lipase, later on. Bile itself contains no enzymes. 

The pancreas secretes en::ymes into the lumen of the small intestine 

Pancreatic juice contains several enzymes, including an amylase that catalyses the hydrolysis 
of starch to maltose, a lipase that catalyses the hydrol~'Sis of fats to fatty acids and glycerol , and 
an endopeptidase. An endopeptidase (endo means 'within') catalyses the breakdown of proteins 
at numerous points within the long protein chain. The products are shorter.length peptides and, 
e\"entually, free amino acids (fable 6.3). Also present in the pancreatic juice are nucleotides that 
hydrolysenucleicacidstonucleotides. 

All these enzymes act as the chyme, bile and pancreatic juice are mixed together by a 
churning action (a form of peristalsis) called segmentation (Figure 6.3). 
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• Flgure6.4 

Thesmalllntestlne­

theabsorptlonsurface 

Enzyme 

lipa'>l'S lipids fatty acidsand qlyc: erol 

protl'a'il's.e9.polweptide'i!' proteim+ po~peptides 1horterpeptide1+aminoacids 

Absorption in the small intestine 
The products of digestion, mostly monosaccharide sugars, amino acids, fatt y acids and glycerol, 
together with various vitamins and mineral ions, are absorbed as they make contact with the 
epithelial cells of the villi of the small intestine (Table 6.4). The process is efficient because the 
small intestine has a huge surface area, due to the vast number of villi (figure 6.4) 

The methods of membrane transport required to absorb different nutrients are diffusion, 
facilitated diffusion and active transport (Table 6.5). Epithelial cells transfer energy in the active 
transport process by which most of the products of digestion are taken into the cells. Transport 
involves protein pump molecules in the plasma membrane, activated by reaction with ATP. 

---- lum• nolsmall ;ntestine - this...ctionislrnmquite 
earlyinthesmallintesline.intheduodenum 

l mucosa - aseri,,..olfinger·likevilli .. Theseva,tly 

t
l ;:::::::·:::.,::= ~- """ 

vessels.ne,vesa<>dromegla<>ds 

muscularis - composedoltwolayersofsmoothmuscle 
Theouterlayercootainslongitudmalhbres.the,nner 
layercoota,morcuia,musclef,bre, . 

••rosa - outercoat 

(If the sectiom of small intestine you examine are taken lrnm further along the marrmalian gut. the sub-mucosa 
andmuscularislayersarel ike!ytobemochth inne,.) 



absorption surface of 

thesmalllntestlne 

The mechanisms of 

absorptlonlnthevllll 

Steps In the digestion 

5 Draw al.irge-
scalediagramol 
anepitheli.ilcell 
olavillusolthe 
small intestine 
{a1showninpart 
offigure6.4) 
Annotateyoor 
di..gramtos.how 
theml.'Chanisms 
of absorption of 
glurn,;e,amino 
..c:ids.inds.mall 
peptk!es,andfatty 
..c:ids.indglycerol, 
into the body 

6. 1 Digestion and absop tion 253 

Examine a prepared slide of a transverse section of the small intestine, first using low power and 
then high i:ov,er, to identify the tis.5ue layers present. Similarly, examine the photomicrograph in 
Figure6.4toidentifythetissuelayerslabelled 

Descr1ptlon/ functlon 

pmvideahugesurface.irealorabsorption 

eplthellumcells singlelayerofsmal l ce lls,packedwithmitochondria -the10urceofATP 
(met.ibolic:enerqy)toractiveuptakeacmsstheplasmaml.'lllbrane 

pump prote ins In the plu m a actively transport nutrients ..c:rnss the plasma membrane into the villi 
membrane ofeplthellal ce lls 

network ofcaplllar1es !argemrfacearealoruptakeol.imino acids,monosaccharides,andfatty 
ackls.imlglyc:ernlintobloodcirrnlation 

brancholthelymph.iticsystemintowhic:htriglyc:erides(rnmrnnedwith 
protein) passlortransl}Ofttobody{ells 

mucus from goblet cells lubricates movement of digestro food among the villi and protects 
p!as.mamembr.ine1 

Produc ts of diges tion Mechanism of transport 

monosaccharlde sugars • Glucosel'f\terstheepilhelial {ellsbysodium-gllKo'i!'rn·lransporter 
proteininthecellml'lllbraneolthemic:rnvill i.(Sodiumionsare 
pumpedbad:outfromtheepilheli.ilcellsbysodium-potassium 
pumps in the same membrane) 

• Glurnsechannelsthenal owglurn,;etopassbyfadlitatedd~fusion 
fromtheepilhelialcellsintothebloodcapill.iryinthevillus 

amlnoacldsandsmallpeptldes • pumped..gainstrnncentrationgradientsacrosstheepithelialcells 
ofthevillus intolhe{apillaries 

fattyacldsandmonoglycer1des • difluseintoepithelialcellswherefatty acidsandmonoglycerides 
relorm intotriglycerides 

• then,astinydropletstheyaretransportedoutoftheepilhelial 
cellsbyexocytosls{page46),intothelacteals 

Case study: Digestion of starch and the fate of the products of digestion 
The chemical structure of starch (a mixture of amylase and amylopectin) is illustrated in 
Figure 2.19 (page 80). Remind yours.elf of the srrucmres of theJe polymers, !JOU' 

Digestion of starch is catalysed by emymes in the mouth, by enzymes from the pancreas 
that are secreted into the lumen of the small intestine, and finally by enzymes in the plasma 
membranes of the epithelia cells of the villi of the wall of the small intestine (Table 6.6). 

plasma membranes 
of villi 

Enzyme(s) Chemical change 
amyla,;e from salivary begins to rnnvert starch to maltose (a dis..c:charide). by 
g!ands hydmly1isol1,4bondsinamylaseandamylopectin 
amyla,;efrompancre.is 

two enzymes 

rnntinuesrnnver5ionofstarchtomaltosebyhydmlysisof 
1,4bondsinamylase.indamylopectintolomimaltose 
(largerlragmentsrnntaining1,6bondsofamylopectin 
(which amy!a,;e cannot hy{lm!y,;e) remain ({ailed dextrins) 

hydrnly,;edextrinfragmentstomaltose 
hydmly,;esmaltosetoglocose 

G\OCO'ie enters the epithelial cells by co-transport with sc:x:lium ions, and then travels on into the tissue 
fluid bey}nd by facilitated diffusion. From there, it diffuses across the walls d the capillary network 
into the bkxxl circulation. The hepatic portal vein (Figure 69) carries the products of digestion to 

the liver, where glucose may enter the liver cells and be con,'eTted to gl~ogen (page 80). Glucose 
remaining in the blood may be oonverted to gl)":ogen in muscle cells around the lxx:ly. Brain cells 
depend on a oontinuOU'l supply d g!OC01Se frcm the blood circulation - they cannot store gli,u:,gen. 

Assimilation fo ll ows absorption 
----- The fate of absorbed nutrients is called assimila tion. In the first stage of assimilation, absorbed 

nutrients are transported from the intestine. In the villi, sugars are passed into the capillary 
network and, from here, they are transported to the liver. The liwr maintains a constant level 
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of blood sugar (page 301). The amino acids are also passed into the capillary network and 
trall5!X)rted to the liver. Here, they contribute to the pool or reserves of amino acids from which 

----- new proteins are made in cells and tissues all O\"er the body. 
6 Distinguish Finally, lipids are absorbed as fatty acids and gl~rol and are largely absorbed into the lacteal 

~;;:~::n~,~~:~tion vessels. From there, they are carried by the lymphatic system to the blood circulation outside the 
_____ heart. 

• Role of the large intestine 
The large intestine wall has no villi, but the surface area for absorption is increased by many 
folds of the inner lining. At this point in the gut, most of the useful products of digestion have 
been absorbed. What remains is the undigested matter (such as plant fibre), with mucus, dead 
intestinal cells, bacteria, some mineral ions and water. Water is an imix>rtant comp:ment of our 
diet, and many litres of water are also secreted into the chyme in the form of dige>tive juices. 

In the colon, water and mineral salts (such as Na• and CJ- ioll5) are absorbed. What remains 
of the meal is now the faeces. Bacteria compose about SO% of faeces. Bile pigments (excretory 
products formed from the routine breakdown of red blood cells), which were ackled in the 
duodenum, uniformly colour the faeces 

The rectum is a short muscular tube which terminates at the anus. Discharge of faeces from 
the body at the anus is controlled by sphincter muscles. 

• Use of d ialysis tubing to model absorption of d igested foods in 
the intestine 

Suppose you are provided with 10cm3of a 1% starch solution, 10cm3 of a 1% amylase solution, 
distilled water, beakers, test tubes, a 10cm3 graduated pipette and dialysis tubing. Dialysis tube 
is an artificial selectively permeable membrane made from cellulose or cellophane. 

You are required to use the dialysis tubing to model absorption of digested food in the 
intestine. You could tackle this task collaboratively - by group discussion with peers and tutor 
or teacher. 

Design an experiment to: 

• demonstrate whether a carbohydrate food item, such as starch, is able to pass across a 
selectivepermeablemembrane,and 

• to compare the outcome with the behaviour of the products of starch digestion under 
similar conditions. 

Evaluate how appropriate this investigation is as a mOOel of the membranes in the villi that are 
traversedintheabsorptionprocesses. 

6. 2 The bi ood system - the blood system continuously transports 
substances to cells and simultaneously collects waste products 

Living cells require a supply of water and nutrients, such as glucose and amino acids, and they 
need oxygen. The waste products of cellular metabolism have to be remo\"ed. In single-celled 
organisms and very small organisms, internal distances are small, so movements of nutrients 
can occur efficiently by diffusion, although some substances require to be transix>rted across 
membranes by active transport. In larger organisms, these mechanism.I alone are insufficient -
an internal transport system is required to service the needs of the cells. 

Internal transport systems at work are examples of mass flow. The more acti\"e an organism 
is, the more nutrients are likely to be required by cells, and so the greater is the need for an 
efficient system for internal transport. Larger animals have a blood circulatory system that links 
the parts of the body and makes resources aniilable where they are required 
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• Transport in mammals 
Mammals have a dosed circulation in which bkxxl is pumped by a powerful, muscular heart 
and circulated in a continuous system of tubes - the arteries, ,·eins and capillaries - under 
pressure. The heart has four chambers, and is divided into right and left sides. Blocxl flows from 
the right side of the heart to the lungs, then back to the left side of the heart. From here, it is 
pumped around the rest of the body and back to the right side of the heart. As the blcod passes 
twice through the heart in every single circulation of the body, the system is called a double 
circulation 

The circulatory system of mammals is shown in Figure 6.5. It becomes dear that the major 
advantages of the mammalian circulation are· 

• simultaneous high-pressure delivery of oxygenated bkxxl to all regions of the body 

• oxygenated blcod reaches the respiring tissues, undiluted by deoxygenated blcod. 

open cin:ulationofinsucts 
bloo<lispumpedfmwards in1r>ernoolarr>ear1,andthen 
l''""-"inthesinu=(openspaces)betweeotheorgan, 

singlecin:ulation offish 
bbodpa,,...ooc:ethroo~ 

~i;"rut;::.;"•achcomple1e 

""°'"'-

double <in:ulation ofmammals 
bloodpassestwicethmughthe 
heartineachrompletecirculaoon 

fom-chambered 

~'" 

'""""'"'""""'~~'°"""''"." . =<rnMofy ~:;;;.;;~~ 
:uc;;ui•ooom the ~ __.. -

~··· ' 
two-chambefl'dh""1 

• Flgure 6.5 0penandclosedclrculatlons 

1 In an open cirrnlation there is "litt~ rnntrol over cirrul.itkm". Suggest what this me.ins 

The transport medium - the blood 
Blcod is the medium by which the products of digestion are transported about the body (Section 6.1, 
page 248). It has; key roles in the body's defence against disease (Section 6.3, page 270) and in 
transport of respiratory gases (Section 6.4, page 280). Before the circulation ofblocxl is examined 
here, note (but do not memorize) the composition of the blcod. 

Blcod is an unusual tissue in that it is made up of a liquid medium called plasma in which 
cells are suspended - the red blcod cells or erythrocytes, white cells or leucocytes, and the 
platelets. The plasma, a straw-coloured fluid, supports and transports the blcod cells around 
It also brings about the essential exchanges of substances between cells, tissues and organ 
systems of the body. The chemical composition of the plasma is shown in Figure 6.6. The role 
of erythrocytes is the transport of respiratory gases, and the leucocytes are adapted to combat 
infection(Table6.7). 
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? 
plasma 

- ~ water(90 '!'.) 

- <hsolvedsubstances(10'!'.) 
• prnteir1<{7%) 
• salts {1%) 
•lipids(2 '!'.) 

r• dblood c• II• 
(erythrocytes) 
(5 milioMrm1) 
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whitebloodcells(leucocytes) 

f -@I)"=@ 
(form antibodies) monocytes ...,vt,ophils 

phag<XytH 
(engt.ilbacteria) 

plate l•ts 
(2 50000'mm') 

• Flgure6.6 Thecomposltlonoftheblood 

The components of 
the blood and their 

Component 
plasma transport of 

• nutrlentsfromgutorlivertoall thecells 
• excretoryproductssuch asurea fromthelivertothekidneys 
• hormonesfromtheenOOCrineglandstoalltisrnesandorgam 
• dlssolvedprotelns whi::hhavero~sthat induderegulatingtheosmotic 

rnncentration(waterpotentiaQoftheblood 
• dissoivedprateinsthatareantlbodles 
• heat.whkhisdistributedtoalltisrne, 
transport of 

(erythrocytes) • oxygen fromlungstore~ ringcell 
• carbondloxlde fromrespiringcellstolungs{alsocarried inplasma) 
lymphocytes - these have major ra~s in the immune system. including forming 

in the body (leucocytes) antibodies (disrnssedonpages276- 277) 
phagocytic phagocytes- these lngestbacterla orcellfragments 

leucocytesfunction ~ '~''~"'~" ~' --"~" ~""~m~S ~int~h,~b~lood= <lo~U~l•g~ m~" =" '="'=' m~-------



• Flgure6.7 
The walls of arteries, 
velnsandcaplllarles 

6.2 The bloods tem 257 

The plumbing of the circulation system - structure of arteries, veins and 
capillary walls 
There are three types of vessel in the circulation system: 
• arteries, which carry blood away from the heart 

• ,·eins, which carry blood back to the heart 

• capillaries, which are fine networks of tiny tubes linking arteries and Yeins. 

Both arteries and veins have strong, elastic walls, but the walls of the arteries are very much 
thicker and stronger than those of the veins. The strength of the walls comes from the collagen 
fibres present and the elasticity is due to the elastic and imuluntary (smooth) muscle fibres 
The walls of the capillaries, on the other hand, consist of endothelium only (endothelium is the 
innermost lining layer of arteries and veins). Capillaries branch profusely and bring the blood 
circulation close to cells - no cell is far from a capillary. 

Blood leaving the heart is under high pressure and travels in waves or pulses, following 
each heartbeat. By the time the blood has reached the capillaries, it is under very much lower 
pressure, without a pulse. This difference in bkxxl pr=re accounts for the differences in the 
walls of arteries and veins (Table 6.8). Figure 6.7 shows an artery, Yein and capillary vessel in 
section and details the wall structure of these three vessels. Because of the low pressure in 
veins there is a possibility of backflow here. Veins have valves at inten11ls that prevent this 
(Figure 6.8). In sectioned material (as here), veins are mote likely to appear squashed, whereas 
arteries are circular in section. Examine this illustration carefully (in conjunction with 
Table 6.8) so that \Oil can identify these vessels in cross section by their wall structure 
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Differences between 

arterles,velnsand 

capillar ies 

• Flgure6.8 

Artery Capillary 
outerlayer (tunicaextema)ofelastk:fibresaodrnllagen present 

(thick lael) 

mlddlelayer (tunk:amedia)ofela1ticlibre1,rnllagenand present 
in110luntary{smooth)mu1Clefibfe1 {thicklayel) 

endothellum (inner lining)ofpovementepithelium - present 
singlelayerof{ellsfittingtogetherlikejigsaw pil'{es,with 
1moothinner1urfaceth.itminimize1ffiction 

present 

present 
(thinlaer) 

present 
(thin layer) 

present 

present 

Note: Variat ions in thidness of musde f ibre layers and elast ic: f ibre layers vary throughout the entire drrnlatioo 
1y1temtomaintainappropriatebloodpre11ure1throughout.ThisisdetailedinT.ible6.9(page264) 

::Sm:,':: ..... 
vein< ol thelmb< 

==.:~the 
surroooclingti,.s.ues, 
iroc:ludingcontr;oction< 
ol themusdes,which 
cornpiesses thevein 

iH 

The arrangement of arteries and veins 

Now, we need to look again at the mammal's double circulation. The role of the right side of the 
heart is to pump deoxygenated blood to the lungs. The arteries, veins and capillaries serving the 
lungs are known as the pulmonary circulation 

The left side of the heart pumps oxygenated blood to the rest of the body. The arteries, veins 
and capillaries serving the body are known as the systemic circulation 

In the systemic circulation, organs are supplied with bkxxl by many arteries. These all branch 
from the main aorta. Within each organ, the artery divides into numerous arterioles (smaller 
arteries) and the smallest arterioles supply the capillary netl<Ufks. Capillaries drain into venules 
(smaller veins) and ,·enules join to form veins. The ,·eins join the vena cava carrying blood back 
to the heart. The branching sequence in the circulation is, therefore 

aorta -+ artery -+ arteriole -+capillary-+ venule -+ vein -+ vena cava 

You can see that the arteries and veins are often named after the organs they serve (Figure 6.9). 
For example, the blood supply to the liwr is via the hepatic artery. Notice, too, the liver also 
receives bkxxl directly from the small intestine, via a vein called the hepatic portal vein. This 
brings many of the prOOucts of digestion, after they have been absorbed into the capillaries of 
the villi 

9 List the dilferen{es between the pu lmonary cirrnlalioo and the systemic drrulatioo of blood 
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Th•position ofthe majorv .. H ls Th • layoutofthe blood ci rculation 

• The heart as a pump 
The human heart is the size ofa clenched fist, and lies in the thorax between the lungs and 
beneath the breast bone (sternum). The heart is a hollow organ with a muscular wall and is 
contained in a tightly fitting membrane, the pericardium - a strong, non-elastic sac that anchors 
the heart within the thorax. Most imp:,rtantly, the wall of the heart is well supplied with 
oxygenated blood from the aorta , via coronary arteries. 

All muscle tissue consists of special cells called fibres that are able to shorten by a half 
to a third of their length. Cardiac muscle itself consists of cylindrical branching columns of 
fibres, uniquely forming a three-dimensional network (Figure 6.10). This allows contraction in 
three dimensions. Each fibre has a single nucleus and it appears striped or striated under the 
microscope. fibres are surrounded by a special plasma membrane, called the sarcolemma, and 
all are very well supplied by mitochondria and capillaries. 

Heart muscle fibres contract rhythmically from formation until they die. Muscles typically 
contract when stimulated to do so by an external nerYe supply. However, in the heart, the 
impulse to contract is generated within the heart muscle itself - it is said to have a myogenic 
origin. We will return to this issue, shortly. The connection between individual cardiac muscle 
fibresisbyspecialjunctionscalled intercalateddiscs. Theroleofthesediscsistotransmitthe 
impulse,soastocauseallcellstocontractsimultaneously. 

TOK Unk 
Ourrnm>ntunderstandingi1thatemotiomaretheprDdudofactivityinthebrain.rather thanintheheart 
lsknowledgeba1edon1ciencemorevali dthanknow!edgeba1edon intuition? 
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The chambe rs and va lves of the hea rt 
The cavity of the heart is divided into four chambers, with those on the right side of the heart 
completely separate from those on the left (Figure 6.11). The two upper chambers are thin· 
walled atrfa (singular, atrium). These receive bkxxl into the heart. The tll-U lower chambers are 
thick-walled ,·entricles, with the muscular wall of the left ventricle much thicker than that of 
the right ventricle. Hcw,ever, the volumes of the right and left sides (the quantities of blood they 
contain) are identical. The ventricles pump bkxxl out of the heart. 

You should be able to recognize the individual chambers of the heart in diagrams, for 
example. Carrying out a dissection of a fresh heart (such as a sheep's heart) is an effective aid to 

understanding structure and function 
The ,-alves of the heart prevent back flow of the bkxxl, so maintaining the direction of flow 

through the heart. You can see these ,-ah-es in action, in the diagrams in figure 6.12. Notice 
that the atrioventricular valves are large valves, in a position to prevent backflow of blood from 
ventricles to atria. The edges of these valves are supported by tendons, anchored to the muscle 
walls of the ventricles below. These tendons prewnt the valves from folding back due to the 
(huge) pressure that dewlops here with each heartbeat. Actually, the atrioventricular valves are 
individually named: on the right side is the tricuspid valve; on the left is the bicuspid or mitral 
valve 

A different type of valve separates the ventricles from pulmonary artery (right side) and aorta 
(left side). These are pocket-like structures called semilunar vah·es, rather similar to the ,-akes 
seen in ,·eins. These cut out backflow from the aorta and pulmonary artery into the ventricles as 
theventriclesrelaxbetweenheartbeats 

In Figure 6.11, we can see the coronary arteries. These arteries, and the capillaries they 
serve, deliver to the muscle fibres of the heart the oxygen and nutrients essential for the 
pumping action, and they remove the waste products. We shall return to this issue shortly and to 

the serious consequences for the whole body when they get blocked. 
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heart viewed from the front of th • body with puicardium removed 

w~~~-i:'.2.,;==-;;: 
~pid 

right 



262 6 Human h iol 

Heartvalvesal owbloodflowin 
on,drec:bonooly. Theyare 
openedal\ddosedby 
diffell'I\CesinbloodJl(l"sute 
• Theya,eopenedwhenthe 

pressu,eonthei,..,..,tside 
(causedbymusclerontraction) 
exceedslhatontheoutputside 

• Theya,eclosedwhenthe 
pressu,eontheoutputside 
exceedslhatontheinputside 

=::%..~~!'le~the 
i,..,..,tside 

Atrialsystol• 
• Atrialwa llscontract - lheJl(l"<IXei,,aisedintheatria 
• Venacavaeandpulmona,yv,,;ma,eclosed 
• Atrioventrirnla,valvespushedopen - bloodllowsintolheventricles 
• Ventricularwals te!axed - thepressu,eislowintheventricles 
• Hqlpressureintheaortaal\dpulmora,ya,te,ies(dl>etolheelastic 

andmusclefibresinlhei,walls) - thesemilunarvalvesa,eshut 

Ventncularsystole 

• :~':'n~~;;ai!scontradst~ thepre,.s..-e,s ra,sedm 

I 

Diastol•-atrialandventricular 
• Themu,:lesoftheatrialandventricularwal!sare 

reiaxed - thepre,.sureinbothatriaandW'rniclesislow 

• ~~~~:~i!\~~tt,e~;~·;~::..:.wof 

• Flgure6.12 Theroleoftheheartvalves 

10 Theedgesofthe 
atrioventficular 

The cardiac cycle 

The cardiac cycle is the sequence of e\"ents of a heartbeat , by which blood is pumped all over the 
el.istic ,traods lxxly. The heart beats at a rate of about 75 times per minute, so each cardiac cycle is about 0.8 s 
attached. wt.ich long. This period of 'heartbeat' is divided into two stages which are called systole and dfastole 
.ire anchored In the systole stage, heart muscle contracts and during the diastole stage, heart muscle relaxes. 
to the ventricie When the muscular walls of the chambers of the heart contract, the volume of the chambers 
walls (Figure 6.11) is decreased. This increases the pressure on the blood contained there, forcing the blood to a 

~t:i~'/,:Z, do region where pressure is lower. ValYes prevent blood from flowing backwards to a region of low 
_____ pressure, so blood always flows in one direction through the heart. 

Lx>kar the sieps in Figure 6.12 and6./3. You will see that Figure 6.13 illustrates theqde 
on the left side of the heart only, but both sides function together, in exactly the same way, as 
Figure6.12makesdear. 

We can start with contraction of the atrium (atrial systole, about 0.1 s). As the walls of the 
atrium contract, bkxxl pushes past the atriowntricular valve, into the ventricles where the 
contents are under low pressure. At this time, anybacktlow of blood from the aorta, back into 
the ventricle chamber is prevented by the semilunar YalYes. Notice that backflow from the atria 
into the vena cavae and the pulmonary veins is prevented because contraction of the atrial walls 
seals off these 1-eins. Veins also contain semi lunar valves which prevent backflow here, too 

The atrium now relaxes (atrial diastole, about 0.7 s). 
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Next, the ventricle contracts (ventricular systole, about 0.5 s). The high pressure this 
generates slams shut the atrioventricular valve and opens the semilunar valves, forcing bloc:xl 
into the aorta. A 'pulse', detectable in arteries all over the lxxly, is generated (see below). 

This is folkw,ed by relaxation of the ventricles (ventricular diastole). 
Each contraction of cardiac muscle is followed by relaxation and elastic recoil. The changing 

pressure of bloc:xl in the atria, ventricles, pulmonary artery and aorta (shown in the graph in 
Figure 6.13) automatically opens and doses the valves. 

-
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(hea,t 

atrial and 
""ntriculardiastole 
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--- leftYeOtride 
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• Rg ure6.13Thecardlaccycle 

11 txaminethedataonpre11u1echangeduringthecaftliac:cycleinFlgure6.13. Deducewhy 
a prern1reinthe;10rtai1alway11ignific.mtlyhigherth;mthatintheatria 
b pre11urefallsmo1tabruptlyinthe~triumonceventficularsy1toleisunderway 
c the 1emilunar valve in the aorta does not open immediately that ventricular systole commences 
d when ventricular diastole commell(es. there is a significant delay before the bicuspid valve opens. 

despiteri1ingpres1ureintheatrium 
• itis1ignificantthatabout50%ofthecardiaccyc:lei1givenovertodiastole 
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Heart rate and the pu lse 
The contraction of the ventricle walls forces a surge of bkxxl into the aorta and into the 
pulmonary arteries under great pressure. This volume of blood is called the stroke volume. 
Each surge stretches the elastic fibres in the artery walls. This is known as the pulse. 

The artery walls are distended as the surge passes, followed by an elastic recoil. In this way 
the muscles and elastic fibres of the walls of arteries assist in maintaining blood pressure and the 
onward flow of the blood (Table 6.9). 

Component/ role Strucb.Jre lnre latlon to funct lo n 

Arter ies - have the thickest ,md strongest walls; the tunic.a media is the thickest part 

• Wallsstfetchtoacrnmmodatethehugesurgeolblood 
• receivesbloodpumpedfmmtheheart wllenventride1rnntract.Theelastic,mdrnOaqenfibresof 

ina·putse· thetunicaextemapreventruptureasbloodsurgesfromthe 
• presmreabout l20mmHg• heart 

Malnarter1es 
• distributebloodunderhighpressureto 

regions of the body 
• arteriesbecomewider. soloweringthe 

pressure 
• supplythe arter lesthatdistrtiute 

bloodtothemainorgam 

Capill ar ies 
• servethetissuesandcellsolthebody 
• bloodunderlowerpres1Ure(about 

3SmmHg) 

• Thehighproportionofelasticfibresarefirststretchedand 
then rernil.keepingthebloodflowingandprope llingit 
forwaftlsaltereachpulsepasses 

• Withincre<isingdistancefromtheheart.the tunk:amedia 
progressively contains more smooth muscle fibres and fewer 
elasticfibres. Byvaryingrnnstrictionanddilationofarteries. 
bloodflowismaintained.M usclelibresstretchandrernil. 
tendingtoevenout thepressure.buta·putse·canstillbe 
detected 

• H~h proportion ol smooth muscle fibres. so able to regulate 
bloodflowfromarteriesintocapil!aries 

• Narrowtubes.aboutthediameterof a singleredbloodcell 
(about7µm). reducetheflowratetoincreaseexchange 
between blood and tissue 

• Thinwall sconsistofa1inglelayerofendothelialce!is 
• Walls h<We gaps between cells sufficient to albN some 

rnmponentsofthebloodtoescapeandrnntributeto 
tissvefluid(aliquidsurroundingli11Ues thati1thesame 
rnocentratiooasbodycells - seepage41). 

havethiowalls;tvnicaextemai1thethidest!ayer 

Venu les • Wall1rnmi1tofendothe livmandaverythintunic amediaof 
• rnlk>ct blood from the tissues a h.w scattered smooth muscle fibres 
• formed by a union of1everalcapillaries 
• pressureaboutlSmmHg 

• tunkaexternapre1ent,olela1ticandrnllagenfibre1 
• receive blood frnm tissues under low • here tunic a media rnntains a few eiastic fibres and m=le 

pres1Ure(aboutSmmHg) fibres 
• ve im bl'Comewider.solowering • presenceofvalvespreventingb<Killowofblood(visibleioLS 

pressureandioueasingftowr.ite ofveim.Figvre6.8) 
•unltsof 'pressure' 
The pascal {Pa)andit1multiplethe kllo pascal {kPa)a regenera llyusedbyscieotiststomeasurepressure 
However. in medicine the older unit of 'mllll metresof mercury' (mm Hg)is still vsed (1 mm Hg • 0.13kPa). 

However, as blood is transported around the body, the pressure of blood does progressively fall. 
Pulsation of the blcod flow has entirely disappeared by the time it reaches the capillaries. This is 
due to the extensive nature of the capillary networks and to the resistance the blood experiences 
asitflowsthroughthem 

Measuring h eart ra te 

We can measure heart rate in the carotid artery in the neck or at the wrist , where an artery 
passes over a bone. Each contraction of the ventricles generates a pulse, so when we measure our 
pulseratewearemeasuringourheartrate. 

Incidentally, the amount of blood flowing from the heart is known as the cardiac output . 
At rest, our cardiac output is typically about 5 dmJ of blood per minute. 

cardiacoutput=strokevolumexpulsernte 
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12 Examinethegraph1howingthechangin9bklodvelocity,bloodpressureandcm11-1ectiooalareaofthe 
ve11elsasbloodcirrnlatesinthebody.Then.u1ingtheinformationinFigure6.14(andinTabk>6.9where 
appmpri.ite).answerthequesliombelow. 

velocity of blood -

sectiof\ala!l'a 
m ..... ,e1, • capillariH 

• Rgure6.14Changlngbloodveloclty,bloodpressureandcross-sectlonalareaofvesselsasblood 

clrculateslnthebody 

a Comment on the vekx:ily and prt>1svre of the blood as ii enters the ;mrta. rnmp~red with when ii is 
abouttore-entertheheart 

b Deduce what aspects of the structure of the walls of arteries may be said to be a response to the 
rnnditionofbloodllowthroughthem 

c Explain what factor, may c.ause the characteristic velocity of blood flow in the c.apHl.iries and why this 
is advantageous 

Origin and control of the heartbeat 

The heart beats rhythmically throughout life, without rest, apart from the momentary relaxation 
that occurs between each beat. Even more remarkably, heartbeats occur naturally, without the 
cardiac muscle needing to be stimulated by an external nerve. Since the origin of each beat is 
within the heart itself, we say that heartbeat is 'myogenic' in origin. However, the alternating 
contractions of cardiac muscle of the atria and ventricles are controlled and coordinated 
precisely. Only in this way, can the heart act as an efficient pump. The po5itions of the 
structures within the heart that bring this about are shown in figure 6.15. 

The steps to control of the cardiac q.de are as follows 

• The heartbeat originates in a tiny part of the muscle of the wall of the right atrium, called 
the SAN (sinoatrial m:xle) orpacem;iker. 

• From here, a wave of excitation (electrical impulses) spreads out across both atria 

• In response, the muscle of both atrial walls contracts simultaneously (atrial systole). 

• This stimulus does not spread to the ventricles immediately, due to the presence of a narrow 
band of non-conducting fibres at the base of the atria. These block the excitation wave, 
p=·enting its conduction across to the ventricles. Instead, the stimulus is picked up by the 
AVN (atrioventricular node), situated at the base of the right atrium 

• After adelayof0.l- 0.2s, the excitation is passed from the AVN to the base of both ventricles 
by tiny bundles of conducting fibres, known as the Purkyne tissue (Purldnje fibres). These are 
collectively called the bundles of His. 

• When stimulated by the bundles of His, the ventricle muscles start to contract from the base 
of the heart upwards (ventricular systole). 
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stimulationofheart!Mat 
originatesinthemusde 

• The delay that occurs before the AVN acts as a 'relay station' for the impulse permits the 
emptying of the atria into the ventricles to go to completion, and prevents the atria and 
ventriclesftomcontractingsimulrnneously. 

• After every contraction, cardiac muscle has a period of insensitivity to stimulation, the 
refractory period (a period of enforced non·contraction - diastole). In this phase, the heart 
begins, passively, to refill with bkxxl. This period is a relatively long one in heart muscle, and 
enables the heart to beat throughout life 
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• Rgure6.15 Controlofheartrate 

The heart's own rhythm, set by the SAN, is about S0- 60 beats per minute. Conditions in 
the booy can and do override this basic rate to increase heart performance. The action of the 
pacemaker is modified according to the needs of the booy. For example, pacemaker activity may 
be increased during physical activity. This occurs because increased muscle contraction causes 
an increased volume of bkxxl to pass back to the heart. The response may be more powerful 
contractions without an increase in heart rate. Alternatively, the rate of 75 beats per minute of 
the heart 'at rest' may be increased to up to 200 beats a minute in very strenuOll'l exercise. 

How ii the pacemakerregulared? Lookar Figure 6.15 again, now. 
Nervous control of the heart is by reflex action. The heart receives impulses from the 

cardiovascular centre in the medulla of the hind brain, via two nerves: 

• a sympathetic nerve, part of the sympathetic system, which speeds up the heart 

• a branch of the vagus ner,·e, part of the parasympathetic nervous system, which slows down 
the heart. 

Since the sympathetic nerve and the vagus nerve have opposite effects, we say they are 
antagonistic. 

Nerves supplying the cardiovascular centre bring impulses from stretch receptors located in 
the walls of the aorta, in the carotid arteries, and in the wall of the right atrium, when change in 
blocxlpressureatthesepositionsisdetected. 

• When blocxl pressure is high in the arteries, the rate of heartbeat is lowered by impulses from 
thecardiovascularcentre,viatheYagusnerve 

• When blocxl pressure is low, the rate of heartbeat is increased. 
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The rate of heartbeat is al.'lO influenced by impulses from the higher centres of the brain 
For example, emotion, stress and anticipation of eYents can all cause impulses from the 
sympathetic nerve to speed up heart rate. In addition, the hormone adrenaline (also referred 
to as epinephrine), which is secreted by the adrenal glands and carried in the bkxxl, causes the 
pacemakertoincreasetheheartratetoprepareforvigorousphysicalactivity . 

••••• Theories are regarded as uncertain 

• Flgure6.16 
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• Discovery of the blood circulation 
The original discovery of the circulation of mammalian blood was made in Europe by 
experimental scientists in the seventeenth century. At this time, much so-called medical 
knowledge was derived from the theories expressed in the writings of Galen, a Roman physician 
(AD 129- 199) aOO on the ideas of earlier Greek writers. How William Harvey and Marcello 
MalpighiachievedthisrevolutionisoutlinedinFigure6.16. 

William Harny 1578-1637 
Pfly,idiJI\ - founder of modem physiology thro<ql Iii, experimenral appro;,d, 
• Harvey studH'd medKine at Cambridge and then at the medical school at Pa.dua under ~abririo (who had already 

discoveredva!vesinveirisbvtdidnotunderstandthem) 
• He quickly became an important pt,,,sician. sef\Ong in tum. James I and later Olillles I - bot his maJn interested 

wa,,esearch. Hewasanenthusiasticar>dskillulexpefimenter 
• ilydissection.andbyexpe,imentation.1-tuveyobservedanddiscOYered 
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• Hecondudedthattheconnectionsbetweenarteriesandveirisweretoosmalltosee.Ha,veyhadpredictedthe 
existenceolcapillariesbefo<ethemkroscopebecameavailabk> 

• Hepublished"OntheMotionoftheHeartandBiood" in1628 
Woftingcapillafieswereobservedafte,hisdeath.bytheltillianb<ologistMalpighi(1628- 1694). 

Huvey'snp .. imentshowingtheveinsandworkingvalvesinthearm.afterligation. 

• The ro les of t he blood circulation syst em 
The blood circulation has roles in the lxxly'sdefence against diseases (pages 271 and 275) as well 
as being the all-important transport system of the lxxly (Table 6.10). Nutrients from digestion, 
oxygen and carbon dioxide, urea, hormones and antilxxlies are all transported. In the tissues of 
the lxxly, exchange between the blood aOO cells of the tissues occurs from the capillaries, the 
walls of which are permeable aOO highly 'leaky'. 
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• Causes and consequences of coronary heart disease 
Diseases of the heart and blood vessels are primarily due to a condition called atherosclerosis 
(Figure 6.17). This is the progressive degeneration of the artery walls. The structure of a healthy 
arterywallisshownin Figure6.7(page257). 

Look up the irrm:nrre of a hea/ihy artery again, now. 
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Healthy arteries have pale, smooth linings, and the walls are elastic and flexible. The steps to 
atherosclerosis in arteries are: 

• Damage to the artery w;i lls as strands of fat (low-density lipoproteins, lDls or 'bad 
cholesterol') are deposited under the endothelium. Fibrous tis.5ue is also bid down 

• Raised blood pressure follows when fat deposits and fibrous tissue start to impede blood flow. 

• Lesion form;ition occurs when the smooth lining of the arteries actually breaks down. These 
lesions are known as atherosd erotic plaques. Blood platelets tend to collect at the exposed, 
roughened surface and release factors that trigger a defensiYe inflammatory response that 
includes blood clotting. A blood clot formed within a blood vessel is known as a thrombus. 
This is until it breaks free and circulates in the bloodstream, at which point it is called an 
em bolus. 

The consequences of atherosclerosis 
One likely outcome of atherosclerotic damage to major arteries is that an embolll'l may be 
swept into a small artery or arteriole which is narrower than the diameter of the clot, call'ling 
a blockage. Immediately, the blood supply to the tissue downstream of the block is deprived 
of oxygen and without oxygen tissues die. The coronary arteries are especially vulnernble, 
particularly those to the left ventricle. When sufficient heart mll'icle dies in this way, the heart 
may cease to be an effective pump. We say a 'heart attack' has occurred (known as a myoai rdial 
infarction). 

Coronary arteries that have been damaged can be surgically by.passed - known as a heart 
by.pass oper;ition (Figure 6.18 A). Typically, a blood vessel taken from the patient's leg is 
used. In some cases multiple by.passes are required. This operation is increasingly commonly 
prescribedandsurvh.il rates are high. 

Coron;ir y angioplast y or balloon angioplasty is an alternative technique for re.establishing 
flow in an occluded coronary artery. Here, the balloon catheter is inserted into a main artery 
in the patient's arm or leg, and is then guided all the way to the damaged coronary artery using 
X·ray obsern1tion. Here, the balloon tip is inflated to reduce the obstruction and re-establish 
the flow, before it is 'collapsed' and withdrawn. It may be necessary to shore up the damaged 
artery to maintain the subsequent flow of oxygenated blood by inserting a stainless steel spring 
(a stem) into the lumen of the artery (Figure 6.18 B).The risks in this procedure are outweighed 
by the advantages, since arteries treated to angioplasty very frequently close up again within six 
months without the benefit of a scent. 
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• Rgure6.18 Re-establlshlng blood flowln damagedcoronaryarter1es 
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6.3 Defence against infectious disease - ,h,hum,nbodr 
has structures and processes that resist the continuous threat of invasion by pathogens 

Infectious disease is caused when another organism or virus particle invades the body and lives 
there parasitically. The invader is known as a pathogen and the infected organism - a human, in 
this case - is the host . A pathogen is an organism or virus that ca uses a disease. Most, but not 
all,pathogensaremicroorganisms. 

Pathogens may pass from diseased host to healthy organisms, so these diseases are known as 
infectious or communicable diseases. Disease, in general, is defined as an 'unhealthy condition 
of the booy' and this rather broad definition includes some distinctly different forms of ill-health. 
For example, ill-health may be caused by unfavourable environmental conditions. Diseases of 
this type are non·infectious or non-communicable diseases and they include conditions such as 
cardiovasculardisease,malnutritionandcancer 

• WHO 
Gocxl health is more than the absence of harmful effects of a disease. This point is emphasized 
by the World Health Org:rnization (WHO) which identifies health as 'a stare of comp/ere 
physical, mental and social wdl-being. and n01 merely the absence of disease or infinniiy'. 

A role of the WHO is to monitor and communicate information on the spread and 
containment of infectious diseases, such as 'bird flu'. 

• Pathogens and disease 
The range of disease-causing organisms that infect humans includes not only microorganisms 
such as certain bacteria and fungi, but also some protozoo (single-celled animals), certain non­
vertebrate animals in the phyla of flatworms (and roundworms), and many virus particles, 

Not all bacteria or fungi are parasitic and pathogenic - only relatively few species are, in fact. 
On the other hand, no virll'i can function in any way outside a host organism, so we can say that 
all viruses are parasitic. A virus particle consists of a nucleic acid core surrounded by a protein 
coat. It is visible only under the electron microscope (page 17). Viruses, once introduced into a 
host cell, may take over the machinery of protein and nucleic acid synthesis, and force their host 

_____ cells to manufacture more virll'i components aOO assemble them 

• Flgure6.19 
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• The body's defence against infectious disease 
The 5kin and the mucosa (the internal linings of lungs, trachea and gut) are the primary defence 
against pathogens that cause infectious diseases. Not surprisingly, protective measures have 
evoh·edatthesesurfaces 

The external skin is covered by keratinized protein of the dead cells of the epidermis. This 
is a tough and impervious layer, and an effective barrier to most organisms unless the surface is 
broken, cut or deeply scratched. However, folds or creases in the skin that are permanently moist 
may become the home of microorganisms that degrade this barrier and cause infection, as in 
athlete'sfoot,forexample(Figure6.19). 
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The aquatic larvae of the pathogenic flatworm Schiswwma, known as a blood worm, is able to 
burrow through the skin. This may happen when people bathe in infected water (Figure 6.20). 
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• Rgure6.20ThellfecydeofSchlstosomaandthespreadofschlstosomlasls 

The internal surfaces of our breathing apparatus (the trachea, bronchi and the bronchioles) and 
ofthegutareall\inedbymoistepithelialcells.Thesevulnerableintemalbarriersareprotectedby 

----- the secretion of copious quantities of mucus and by the actions of cilia that remoYe the mucus 
15 Suggest how 

mucu11ecreted 
bytheluogsmay 
proll'Ctluogti1sue 

Cilia are organelles that project from the surface of certain cells. Cilia occur in large numbers 
on the lining (epithelium) of the air tubes (bronchi) serving the lungs. Here, they sweep the 
fluid mucus across the epithelial surface, away from the delicate air sacs of the lungs 

In the gut, digestive enzymes provide some protection, as does the strong acid secreted in the 
stomach on arrival of food (page 251). 

However, all these barriers, both internal and external, may be crossed by certain pathogens -
as often happens. It is fortunate there are internal lines of defence too. We examine these next. 

1 Inflammation 
Inflammation is the initial, rapid, localized response our tissues make to damage, whether due to 
a cut, bruising or a deep wound. The volume of blood in the damaged area is increased. The site 
becomes swollen, warm and painful. The increased blood flow remoYes toxic products that may 
be released by any inwding microorganisms. Any local leakage of blood from the blood vessels is 
eventually stopped by clotting of blood, leading to a sealing of the wound. 

Leucocytes (wh ite cells) are present in the plasma. Many of these accumulate within and 
outside the enlarged capillaries. leucocytes originate in the bone marrow and are initially 
distributed by the blood circulation all over the lxxly. At the inflamed site, leucocytes become 
actiYe in the resistance to infection in two ways: 

• The general phagocytic white cells engulf 'foreign' material. Ingestion of pathogens by 
phagocytes gives non-specific immunity to disease. 

• Other white cells produce the antibody reaction to infection in response to inrnsion by 
'foreign matter'. This is the immune response. The prOOuction of antibodies in response to 

particularpathogerugivesspecificimmunity. 

You can see leucocytes in the photomicrograph of a blood smear, in Figure 6.6 on page 256 
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2 Phagocytic leucocytes 
Some of the leucocytes have the role of engulfing foreign material, including invading bacterial 
cells. Certain of these leucocytes are short-lived cells of the plasma. Others are the long-lived, 
rubbish-collecting cells found throughout the body tissues. Both types of cell take up material 
into their cytoplasm, much as the protozoan Amoeba is observed to feed, by a mechanism known 
as phagocytosis (Figure 6.21). Once inside the cell, the material is destroyed in a controlled way 

bytheactivityoflysosomes(page25). 
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When a blood ,·essel is ruptured, the blood-clotting mechanism is acth-ated. This leads to 

localized clotting of blood and further blood loss is prevented. A significant fall in blood 
pressure is also prevented, whether at small haemorrhages, or at larger breakages or other 
wounds. The clot also reduces the chances of invasion by disease-causing otganisms. After 
that, repair of the damaged tissues can get underway. 

The formation of a blood clot is triggered by a 'cascade' of events at the site of a broken blood 
vessel(Figure6.22).Thestepsareasfollows 

• Firstly, platelets collect at the site. These comix>nents of the blood are formed in the bone 
marrow, along with the red and white bkxxl cells, and they are circulated throughout the 
body, suspended in the plasma. Platelets are actually cell fragments, disc-shaped and very 
small (only 2µm in diameter) - too small to contain a nucleus. Each platelet consists of 
a ~ck of cytoplasm, rich in vesicles containing enzymes, and is surrounded by a plasma 
membrane. Platelets stick to the damaged tissues and clump together there (at this !X)int, 
they change shape from sacks to flattened discs with tiny projections that interlock). 
This action alone seals off the smallest breaks. 

• Then, the collecting platelets release a clotting factor (a protein called thromboplastin -
it is also released by damaged tissues at the site). This clotting factor, along with vitamin 
Kand calcium ions (always present in the plasma), causes a soluble plasma protein called 
prothrombin to be converted to an active, proteolytic enzyme, thrombin. 

• The action of thrombin enzyme is to convert another soluble blood protein, fibrinogen, to 

insoluble fibrin fibres at the site of the cut. Within this mass of fibres, red blood cells are 
trapped and the blood clot has formed 
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of the following complex steps to clotting can be seen as an essential fail-safe mechanism. fur example, if blood dots 
l.'Yents during were to form sixinmneously, within the intact circulation, there would be a risk of da~us and 

~i~:,~:~~n; possibly fatal blockage, in the blood suw[y to the capillaries in the lungs, lnin or hean muscle 

clotting factor Antibiotics against infection 
reJease;thrombin 

Antibiotics are naturally occurring substances that slow down or kill microorganisms. They 
----- are obtained from fungi or bacteria and are substances which these organisms manufacture in 

their natural habitats. An antibiotic, when present in low concentrations, inhibits the growth of 
other microorganisms. Many bacterial diseases of humans and other animals can be successfully 
treated with them. 

The discovery of penicillin - the first antibio tic 

In 1929, Alexander Fleming (1881- 1955), a Scottish bacteriologist, was stlilying Staphylococcus, the 
bacterium that causes boi ls and sore throats, at St. Mary's Hospital, Paddington, London. When 
examining some older bacteriological plates, he came across one in which a fungal colony had also 
become established (Figure 613~ He noticed that the bacteria were killed in areas surrounding the 
mould This he identified as Prnicillium nouuum. He cultured this mould in h:oth and disa:Y,-ered that 
a substaoce from it - he named it penicillin - was bactericidal He showed that penicillin did not 
harm human blood cells. Fleming published these results in a scientific paper. 
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• Early testing of the safety of penicillin as a drug 
The leading figures in the development of penicillin were the Australian pathologist Harold 
Florey (1898- 1968) and Ernest Chain (1906-79), a German biochemist who immigrated to 

England in 1933. This team isolated penicillin in a stable form, for therapeu tic uses. 
Florey and Chain used mice to test penicillin on bacterial infections in an experiment which 

tOOay would not be compliant with drug-testing protocols (figure 6.23). Can you see why! 
Since their original discovery, over 4CXXl different antibiotics have been isolated, but only 

about 50 have proved to be safe to use as drugs. The antibiotics which are effecth·e over a wide 
range of pathogenic organisms are called broad-spectrum antibiotics. Others are effective with 
just a few pathogens. Many antibiotics in use tOOay have been synthesized. 
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How antibiotics work 

Most antibiotics disrupt the metabolism of prokaq.utic cells - whole populations of bacteria 
may be quickly suppressed. Figure 1.33 (page 30) shows an actively dividing bacterial cell. It is in 
these division and growth phases that bacteria are vulnerable to antibiotic action (Table 6.11). 
At the same time, the cells of the human host organism (a eukaryote) are not affected. 
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Viruses, on the other hand, are non-living particles and have no metabolism of their own (and 
so no function that can be inhibited by antibiotics). Viruses reprOOuce using metabolic pathways 
in their host cell. Antibiotics cannot be used to prevent viral diseases 

Antibiotics - ' wonder drugs ' or mixed blessing! 
----- Before antibiotics became available to treat bacterial infections, the typical UK hospital ward 

was filled with patients with pneumonia, typhoid fever, tuberculosis, meningitis, syphilis and 
rheumatic fever. These bacterial diseases claimed many lives, sometimes wry quickly. Patients of 
all ages were affected. 

Today, these infections are not the 'killers' they once were here. For example, in the 1930s 
about 40% of the patients with bacterial pneumonia died of the disease. Today, about 5- 10% may 
die. Antibiotic drugs have brought about this improvement in survival rates. The viral forms of 
roeumonia and meningitis are not overcome by antibiotics, since antibiotics do not affect viruses. 

Despite their record of successful treatment of bacterial disease, problems also arise with 
antibiotics over time. Sooner or later some pathogenic bacteria in a population develop genes 
for resistance to a specific antibiotic's actions (Figure 5.11, page 222). Then, when different 
antibiotics are used to treat infections, the pathogenic bacteria concerned slowly acquire 
resistances to these, too. The bacterium has then acquired multiple resistance. 

For example, a strain of Swphylococcw aureus has acquired resistance to a range of antibiotics 

19 Antibiotin are including methicillin. Now, so-called methicillin-resistant Swphylocoa:us aureus (MRSA) is 
widely used in referred to as a 'hospital superbug' because of the harm its presence has inflicted in these places 
an imal farming, (Actually, 'superbugs' are found everywhere in the community, not just in hospitals.) MRSA 
p.irtly to control presents the greatest threat to patients who have undergone surgery. With cases of MRSA, the 
an imal dio;ea,;e, intrnvenOll'i antibiotic called vanomycin is prescribed, but recently there ha1-e been cases of 

~~i~~;te partial resistance to this drug, tco. 
..grirnlture Similarly, a strain of the bacterium C!osrridium difficile is now resistant to all but two 
suggest what antibiotics. This bacterium is a natural component of our gut 'microflorn'. It is only when 
this meam. why it C. difficil.e's activities are no longer suppressed by the surrounding, hugely beneficial ('friendly') 
happem, and what gut flora, that it may multiply to life-threatening numbers, triggering toxic damage to the colon 
:i~b~ri~aoger,; Suppression of beneficial gut bacteria is a typical consequence of heavy doses of broad-spectrum 

_____ antibiotics,administeredtom·ercome infectionsofothersuperbugs. 

• Flgure6.24 
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One result of bacterial resistance to antibiotics is that the pharmaceutical industry faces the 
challenge of producing new antibiotics faster than bacteria develop resistance to them. Howe1-er, 
this is proving increasingly difficult - the number of new antibiotics being developed each year 
has fallen dramatically (Table 6.12). 
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Soorce:dinkallnfectiOU5Disease,vol38,page179 
(FirstseeninNEW5cientisr19/09/07,page 38.) 
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The immune response is our main defence, once im11sion of the body by harmful microorganisms 
or 'foreign' materials has occurred. The immune system is able to recognize 'self - our lxxly cells 
and proteins - and tell them apart from foreign or 'non-self substances, such as those on or from 
an inn1ding organism. A 'non-self substance is called an antigen. It is the lymphocytes, particular 
types of white bkxxl cells, that are able to recognize antigens and to take steps to overcome them. 
Lymphocytes make up 20% of the white blood cells circulating in the blood plasma 

Lymphocytes and the antigen-antibody reaction 

Each type of lymphocyte in our lxxly recognizes only one specific antigen. In the presence of 
that antigen (and only that antigen), the lymphocyte divides rapidly, prOOucing many cells -
known as a clone. These cloned lymphocytes then secrete an antibody specific to that antigen. 

An antibody is a protein constructed in the shape of a Y. The top of each 'arm' contains an 
_____ antigen-binding site (Figure 6.25). Millions of different typesofantilxxliesmaybeprOOuced by 
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our bodies, each by a different type of lymphocyte - there are as many antilxxlies as there are 
types of foreign matter (antigens) invading the body. The amino acid sequence of the antigen­
binding site differs according to the chemistry of the antibody it binds with. It is the antigen­
binding site that gives each antilxxly its specificity. 
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So, a huge range of different antibody-secreting lymphocytes exists, each type recognizing one 
specific antigen. The more antigens we encounter, the more antilxxlies we are able to form, 
should they be required. 

Steps to the immune response 
You can follow these steps in Figure 6.26. 

I When invasion of a pathogen occurs, its antigens bind to lymphocytes that recognize them 
2 Those lymphocytes then divide rapidly, prOOucing a clone of identical plasma cells. 
3 The plasma cells produce antilxxlies. These antilxxlies are secreted and circulate in the 

bloodstream. 
4 When and where\"er an antibody encounters the antigen (mo,t likely on the cell membrane 

of the pathogen), they are destroyed (see below). 
Sufficientantilxxliestoovercometheantigen'invasion'aresecreted. 
However, this type of lymphocyte has a short lifespan. Once the harmful effects of the invading 
antigen are neutrnlized, the lymphocytes largely disappear from the blood circulation. 

7 But all 'knowledge' of the antigen is nor lost. Some lymphocytes of that type (we now call 
them memory cells) remain behind, srored in the lymph nOOes. 

8 With the aid of memory cells, our lxxly can respond rapidly, if the same antigen reinvades 
(Figure 6.27). We say we have immunity to that antigen. 
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Antibodies destroy antigens in different ways. Toxins may be inactivated by reaction with 
the antibody, and bacterial cells may be dumped together so that they 'precipitate' and can be 
engulfed by phagocytic cells. Antibodies also attach to foreign matter, ensuring its recognition 
by phagocytic cells. Antibodies also act by destroying bacterial cell walls, causing lysis of the 
bacterium 

_ '_"'_,,a_nii_"""_ '"_' _ • Human immunodefi ciency virus (HIV) and A IDS 

• Flgure6.28 

Immunodeficiency 
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H uman immunodeficiency virus (HIV) was first identified in 1983 as the cause of a disease of 
the human immune system known as acquired immune deficiency syndrome (AIDS). AIDS 
is probably the greatest current threat to public health, because it kills people in the m05t 
economicallyproductivestageoftheirlives. 

HIV is a tiny virus, less than 0.1 µm in diameter (Figure 6.28). It consists of tl'U single strands 
of RNA which, together with enzymes, are enclosed by a protein coat. A membrane, derived 
from the human host cell in which the virus was formed, encapsulates each new virus particle 
leaving the host cell 
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HIV is a retrovirus. A retrovirus rewrses the normal flow of generic information from the DNA 
of genes to messenger RNA in the cytoplasm (page 111). The idea that information alimys flows 
in this direction in cells was called the central dogma of cell biology (implying it was always 
the case). However, in retroviruses, the information in RNA in the cytoplasm is translated imo 
DNA within a host cell and then becomes attached to the DNA of a chromosome in the host's 
nucleus. 

How a retrovirus works 
The virus binds to the cell membrane of a lymphocyte, the core of the virus passes inside, 
and the RNA and virus enzymes are released. An enzyme from the virus, called reverse 
transcriptase, catalyses the copying of the genetic code of each of the virus's RNA strands into 
a DNA double helix. This DNA then enters the host nucleus and is 'spliced' into the host's 
chromosomal DNA. Here, it is replicated with the host's genes every time the hoi;t cell divides. 
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For some time, the viral genes remain latent, giving no sign of their presence in the host 
cells. At a later time, some event in the patient's body activates the HIV genes and the outcome 
is AIDS. Now, synthesis of viral mes.st-nger RNA occurs in infected lymphocytes. This then 
passes out into the cytoplasm and, there, codes for viral proteins (enzymes and protein coat) at 
the ribosomes. Viral RNA, enzymes and coat protein form into viral cores. These then move 
against the cell membrane and 'blKl-off' new viruses, which are released, leading to death and 
breakdown of the lymphocyte. More lymphocytes are infected and the cycle is rapidly repeated. 
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Effects of HIV on the immune system 
Without treatment, this process causes the body's reserve of lymphocytes to decrease very 
quickly. The reduction in the number of acth·e lymphocytes means the body loses the ability to 
produce antibodies. Eventually, no infection, hcw,ever trivial, can be resisted; death follows. 

Ideally, a ,11ccine ag-ainst HIV 'M}\Jld be the best solution - one designed to wipe out both 
infected lymphocytes and HIV particles in the patient's bloodstream. The work of several 
laboratories is dedicated to this solution. The problem is that in the latent state of the infection, 
the infected lymphocyte cells frequently change their membrane marker proteins because of the 
presence of the HIV genome within the cell. Effectively, HIV can hide from the body's immune 
response by changing its identity. 

Methods of transmission 
Infection with HIV is possible through contact with blood or body fluids of infected people, 
such as may occur during sexual intercourse, sharing of hypodermic needles by intravenOll'i drug 
users and breast feeding of a newborn baby. Also, blood transfusions and organ transplants can 
transmit HIV, but donors are now screened for HIV infection in most countries. 

HIV is nm transferred by contact with saliva on a drinking glass, or by sharing a tOl"el, for 
example. Nor does the female mosquito transmit HIV when feeding on human blood. 
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23 Desc ri be why AIDS Recent stlKlies have shown that the prevalence of AIDS is significantly higher in sexually 
patk>nts typkal!y active uncircumcized males. Circumcized males were seven times le,s likely to transmit HIV 
dfe from rnmman to, o r receive HIV from, their partner. Consequently, it is possible that HIV infection of 
infectious diseases future generations might be reduced if male circumcision were practised more widely. But 
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6.4 Gas exchange - thelungsa,eactivetrventilatedtoensu,erhargas 
exchange can occur passively 

• All living t hings respire 
Cellular respiration is the controlled release of energy, in the form of ATP, from organic 
con1pounds in cells. It is a continuous process in all cells. 

To support aerobic cellular respiration, cells take in oxygen from their environment and give 
out carbon dioxide, by a process called gaseous exchange (Figure 6.30). 

Gaseous exchange is the exchange of gases between an organism and its surroundings, 
including the uptake of oxygen and die release of carbon dioxide in animals and plants. 

The exchange of gases between the individual cell and its environment takes place by 
diffusion. For example, in cells that are respiring aerobically there is a higher concentration of 
oxygen outside the cells than inside, and so there will be a continuous net inward diffusion of 
oxygen. 

Wha1speediupdiffusion! 
In living things there are three factors which effectiwly determine the rate of diffusion in 

practice 

• The size of the surface area available for gaseous exchange (the respiratory surface) - the 
greater this surface area, the greater the rate of diffusion. Of course, in a single cell, the 
respiratory surface is the whole plasma membrane. 

• The difference in concentration - a rapidly respiring organism has a very much kw,er 
concentration of oxygen in the cells and a higher than normal concentration of carbon 
dioxide. The greater the gradient in concentration across the respiratory surface, the greater 
the rate of diffll'iion. 

• The length of the diffusion path - the shorter the diffusion path, the greater the rate of 
diffusion, so the respiratory surface must be as thin as possible. 

• Gaseous exchange in animals 
We have seen that the surface area of a single-celled organism is large in relation to the amount 
of cytoplasm it contains - here, the surface of the cell is sufficient for efficient gaseous exchange. 
On the other hand, large multicellular animals have very many of their cells too far from the 
lxxly's surface to receive enough oxygen by diffusion alone. 

In addition, animals often dewlop an external surface of tough or hardened skin that 
provides protection to the lxxly, but which is not suitable for gaseous exchange. These organisms 
requireanaltemath·erespiratorysurface. 

Active organisms ha,·e an increased metabolic rate, and the demand for oxyge-n in their cells 
is higher than in sluggish and inactive organisms. So, for many reasons, large active animals, 
such as mammals, have specialized organs for gaseous exchange. In mammals, the respiratory 
surface consists of lungs. Lungs provide a large, thin surface area that is suitable for gaseous 
exchange. However, the lungs are in a protected position inside the thorax (chest), so air has to 
be brought to the respiratory surface there. The lungs must be ventilated 

A ventilation system is a pumping mechanism that mo,'es air into and out of die lungs 
efficiently, thereby maintaining the concentration gradients of oxygen and carbon dioxide for 
diffusion. 
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In addition, in mammals the conditions for diffll'lion at the respiratory surface are 
improved by: 

• a blood circulation system, which rapidly moYes oxrgen to the body cells as S<X}ll. as it has 
crossedtherespiratorysurface,therebymaintainingtheconcentrationgradientinthelungs 

• a respiratory pigment, which increases the oxygen·carrying ability of the blood. This is the 
----- hemoglobin of the red blood cells, which are by far the most numerous of the cells in our 

blood circulation. 
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The work ing lungs of mammals 
The structure of the human thorax is shown in Figure 6.31. Lungs are housed in the thorax, 
an airtight chamber formed by the ribcage and its muscles (intercostal muscles), with a domed 
floor, the diaphragm. The diaphragm is a sheet of muscle attached to the lxxly wall at the base 
of the ribcage, separating thorax from abdomen. The internal surfaces of the thorax are lined by 
the pleural membrane, which secretes and maintains pleural fluid. Pleural fluid is a lubricating 
liquid deriYed from blood plasma and that protects the lungs from friction during breathing 
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Lungs connect with the pharynx at the rear of the mouth by the trachea. Air reaches the 
trachea from the mouth and nostrils, passing through the larynx (voice box). Emry into the 
larynx is via a slit-like opening, the glottis. Above is a cartilaginous flap, the epiglottis. Glottis 
and epiglottis work to prevent the entry of food into the trachea. The trachea initially runs 
besidetheesophagll'l.lncompleteringsofcartilageinthetracheawallpreventcollapseunder 
pressure from a large bolus of food passing down the esophagus. 

The trachea then divides into two bronchi, one to each lung. Within the lungs the bronchi 
divide into smaller bronchioles. The finest bronchioles end in air saa (ah·eoli). The walls of 
bronchi and larger bronchioles contain smcoth muscle, and are also supported by rings or tiny 
plates of cartilage, preventing collapse that might be triggered by a sudden reduction in pressure 
that occurs with powerful inspirations of air. 

Lungs are extremely efficient, but of course they cannot prevent some water loss during 
breathing - an issue for most terrestrial organisms. 
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Ventilation of the lungs 
Air is drawn into the alveoli when the air pressure in the lungs is lower than atmospheric 
pressure, and it is forced out when pressure is higher than atmospheric pressure. Since the thorax 
is an airtight chamber, pressure changes in the lungs occur when the volume of the thorax 
changes. How the volume of the thornx is changed during breathing is illustrated in Figure 6.32 
and summarized in Table 6.13. 
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Explratlon (ex.halatlon) 
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Alveolar structure and gaseous exchange 
The lung tissue consists of the alveoli, arranged in clusters, each ser,·ed by a tiny bronchiole 
Alveoli have elastic connective tissue as an integral part of their walls (Figure 6.33) 
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A capillary system wraps around the clusters of alveoli (Figure 6.34). Each capillary is 
connected to a branch of the pulmonary artery and is drained by a branch of the pulmonary 
vein. The pulmonary circulation is supplied with deoxygenated blood from the right side of 
the heart, and returns oxygenated blood to the left side of the heart to be pumped to the rest 
of the body. 

There are some 700 million alveoli in our lungs, providing a surface area of about 70ml in 
total. This is an area 30- 40 times greater than that of the body's external skin. The wall of an 
alveolus is one cell thick and is formed by pavement epithelium. Lying wry close is a capillary, 
its wall also composed of a single layer of flattened endothelium (Type I pneumocyte) cells. The 
combined thickness of walls separating air and blood is typically 2- 4 µm thick. The capillaries 
are extremely narrow, just wide enough for red blood cells to squeeze through, so red blood cells 
areclosetoorincontactwiththecapillarywalls. 
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The extremely delicate structure of the alveoli is protected by two types of cell, present in 
abundance in the surface film of moisture: 

• macrophages (dust cells), the main detritus-collecting cells of the lxxly - these originate 
from bone marrow stem cells and are dispersed about the body in the blood circulation 
These amoeboid cells migrate into the al\·eoli from the capillaries. Here, these phagocytic 
white blood cells ingest any debris, fine dust particles, bacteria and fungal spores present. 
They also line the surfaces of the airways leading to the alveoli; 
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• surfactant cells (Type II pneumocytes) - these produce a detergent-like mixture of 
lipoproteins and phospholipid-rich secretion that lines the inner surface of the alYeoli 
Surface tension is a force acting to minimize the surface area of a liquid. Because of the tiny 
diameter of the alveoli (about 0.25 mm) they 'M}\Jld tend to collapse under surface tension 
during expiration. The lung surfactant lowers surface tension, permitting the alveoli to flex 
easilyasthepressure ofthe thorax fa\lsaOO rises. 

Blood arriving in the lungs is low in oxygen but high in carbon dioxide. A:; blcod flows past the 
alYeoli, gaseous exchange occurs by diffusion. Oxygen dissolves in the alveolar surface film of 
water, diffuses across into the blood plasma and into the red blood cells, where it combines with 
hemoglobin to form oxyhemoglobin. At the same time, carbon dioxide diffuses from the blood 
intothealnioli(Table6.14) 

lnsplredalr/% Alveolar alr/% E11.plred alr/ % 

Efficiency of lungs as organs of gaseous exchange 
The lungs of mammals are just one evolutionary response to the need for efficient organs of 
gaseous exchange in compact multicellular animals. AltematiYe arrangements include the 
system of tubes that pipe air directly to respiring cells of insects, the internal gills of fish, and 
the lungs of birds in which air is drawn into air sacs that bypass the lungs. From there, it is 

forced out, through the lungs, which are continuously exposed to 'fresh' air as a result of this 
mechanism. 

How effec1iw are mamma lian lungs! 
Air flow in the lungs of mammals is tidal, in that air enters and lem·es by the same route. 

Consequently, there is a residual volume of air that cannot be expelled. Incoming air mixes with 
and dilutes the residual air, rather than replacing it. The effect of this is that air in the alveoli 
contains significantly less oxygen than the atmosphere outside (Table 6.14). 
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Newrtheless, the lungs are efficient organs. Their success is due to numerous features of the 
alveoli that adapt them to gaseous exchange. These are listed in Table 6.15. 
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• M onitoring of ventilation in humans at rest and after exercise 
One way of monitoring Vflltilation is by data logging with an apparatus called a recording 
spirometer (Figure 6 . .36). You can see this consists of a Perspex lid enclosing the spirometer 
chamber, hinged owr a tank of water. This chamber is connected to the person taking part in 
the experiment via an interchangeable mouthpiece and flexible tubing. As breathing proceeds, 
the lid rises and falls as the chamber volume changes. With the spirometer chamber filled with 
air, the capacity of the lungs when breathing at different rates can be investigated. Incidentally, 
if the spirometer chamber is filled with oxygen and a carbon dioxide absorbing chemical, such 
as soda lime, is added to a compartment on the air return circuit, this apparatus can be used to 

measure oxygen consumption by the body, too. 
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The movements of the lid may be recorded by a ix,sition transducer, connecting box and 
computer. From 'trnces' printed out from investigations of human breathing under different 
conditions (including at rest, and after mild and vigorous activity), the ventilation rate and tidal 
volumemaybemeasured(Rgure6.37). 
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Notice that the volume of air breathed in and out during normal, relaxed, rhythmical breathing, 
the tidal volume, is typically 400- 500cm1. However, we have the potential for an extra large 
intake (maximum inspiratory capacity) and an extra large expiration of air (expiratory reserve 
volume), when required. These, together, make up about 4.5 dm1. 

The spirometer can also be used to investigate steady breathing over a short period of time 
and, in these cases, they axis of the spirometer trnce is 'time'. In this way, the rnte at which the 
lungs are ventilated can be im·estigated. The ventilation rate is the number of inhalations or 
exhalations per minute. 

Alternative experimental approaches are ix,ssible, including use of a chest belt and pres..sure 

• Smoking and health 
With the mass production of cigarettes and the invention of the match in the 1800s, smoking 
become cheap, easy and affordable. In the twentieth century, cigarette smoking in the developed 
world was adnmced hugely by the availability of cigarettes to the troops of two World Wars. 
Subsequent bold and aggressive advertising campaigns, persuasive product placement in films 
and the generous six,nsorship of sporting and cultural events by cigarette manufacturers, all 
encouraged greater smoking by men and persuaded 11-Uffien to take it up, too. Very slowly, the 
dangers of smoking became known, but many people doubted the evidence. By the 1950s, people 
started to recognize the significant dangers of cigarette smoking (and of the passive inhalation of 
cigarette smoke). 
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The composition of cigarette smoke 
Cigarette smoke contains a cocktail of harmful substances - more than 4(X)O, in fact. 
These include acetone, ammonia, arsenic, butane, cadmium, hydrogen cyanide, methanol, 
naphthalene, toluene and vinyl chloride. However, to understand the danger to health that 
cigarette smoke poses, we shall focus on the following components: 

• Carcinogens, of which there are at least twenty different types, are found in the 'tar' 
component of smoke. Particularly harmful are certain polycyclic aromatic hydrocarboru and 
nitrosamines. A carcinogen is any agent that may cause cancer by damage (mutations) to the 
DNA molecules of chromosomes. Mutatioru of different types may build up in the DNA of 
body cells that are exposed to these substances. 

• Nicotine, a stimulating and relaxing drug which, on entering the bloodstream, is able to 
cross the blood- brain barrier. In the brain, it triggers the release of dopamine, the natural 
neurotransmitter substance (page 296) associated with our experience of pleasure. Long­
term exposure to nicotine eventually comes to have the reverse effect, actually depressing 
our ability to experience pleasure. So, more nicotine is needed to 'satisfy' us, and cigarettes 
become addictive; as addictive as heroin and cocaine, in fact. Smokers find it increasingly 
hardtoquitthehabit 

• Carbon monoxide is a gas that diffuses into the red blood cells and combines irreversibly 
with hemoglobin. In smokers, the blood is able to transport less oxygen 

Cigarette smoke reaches the smoker's lungs when it is drawn down the cigarette and inhaled, but 
it reaches other people, too, when it escapes from the glowing tip into the surrounding air. These 
latter fumes normally have a higher concentration of the toxic ingredients, and it is this mixture 
that others inhale. 'Passh'e smoking' has, itself, been shown to be dangerous. 

Lung cancer 
Persistent exposure of the bronchi to cigarette smoke results in damage to the epithelium 
(Figure 6.38). This is progressively replaced by an abnormally thickened epithelium. With 
prolonged exposure to the carcinogens, permanent mutations may be triggered in the DNA of 
some of these cells. If this occurs in their oncogenes or tumour suppressing genes, the result is 
loss of control over normal cell growth 

A single mutation is unlikely to be responsible for triggering lung cancer; the danger is in the 
accumulation of mutations over time in a group of cells, which then divide by mitosis repeatedly, 
without control or regulation, forming an irregular mass of cells - a tumour. Tumour cells then 
emit signals that promote the development of new blood vessels to deliver oxygen and nutrients, 
all at the expense of the surrounding healthy tissues. Sometimes tumour cells break away and 
are carried to other parts of the body, forming a secondary tumour (a process called metastasis) 
Unchecked, cancerous cells ultimately take over the body, leading to malfunction and death 

111!1111!1111111 Obtain evidence for theories 

• Cigarette smoking causes lung diseases - t he evidence 

numbers of cigarettes 
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It was epidemiology (the stOOy of the incidence and distribution of diseases, and of their control 
and prevention) that first identified a likdy causal link between smoking and disease. In 1950, an 
American study of over 600 smokers, compared with a similar group of non-smokers, found lung 
cancer was 40 times higher among the smokers. The risk of contracting cancer increased with 
the number of cigarettes smoked (Table 6.16). 
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A survey of smoking in the UK was commenced in 1948, at which time 82% of the male 
population smoked, of whom 65% smoked cigarettes. This had fallen to 55% by 1970, and 
continued to decrease. In the same period, the numbers of females who smoked remained just 
above 40% until 1970, after which numbers also declined (Figure 6.39). Look carefully at the 
changing pattern in the incidences of lung cancer - figures are available since 1975 
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Meanwhile, throughout the world, there continues to be huge inYestment by the tobacco 
indll'itry, via the growing of tobacco crops, the manufacturing and 'attractive' packaging of 
tobacco products, and in the placing of adYertisements in countries that are open to them 
While the number of people smoking cigarettes is actually fulling in developed countries, 
smoking is on the rise in the deYeloping world. The global health issues generated by cigarette 
smoking are of epidemic proportions - about one-third of the global adult male population 
smokes 

Among the World Health Organization areas, the East Asia and the Pacific Region has the 
highest smoking rate, with nearly two-thirds of men smoking. Today, apparently one in every 
three cigarettes is smoked in China. Globally, consumption of manufactured cigarettes continues 
to rise steadily. Consequently, the death toll from the use of tobacco, currently estimated to 
be 6 million per year worldwide, is predicted to rise steeply. This is inevitable because of the 
continuing popularity of cigarettes, and of the time lag between the taking up of smoking and 
the appearance of the symptoms of lung cancer (Figure 6.39). 
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• Flgure6.39 - m.i1esmoldngprevalence - femaiesmokingp,evalence 
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Emphysema 
Emphysema is another respiratory disease that is often linked to smoking (Figure 6.40). In this 
disease, the walls of the alveoli lose their elasticity, resulting in the destruction of the lung 
tis.st1e over time. This is bemuse smokers' lungs typically contain large numbers of macrophages, 
accumulated from the bkxxl circulation. These phagocytic cells release a high level of their 
naturnl hydrolytic enzymes and also far too little of the natural inhibitor of this enzyme. The 
result is the breakdown of the elastic fibres of the alveolar walls (Figure 6.33). With failing elastic 
fibres, the air sacs are left O\·er-inflated when air becomes trapped in them (they fail to recoil and 
expire air properly). Small holes also develop in the walls of the alveoli. These begin to merge, 
forming huge air spaces with drnstically lowered surface area for gas exchange. The patient 
becomes permanently breathless. The destruction of air sacs can be halted by stopping smoking, 
but any damage done to the lungs cannot be reversed 

in(ll).howllasthe 
structixeolthelung 
!i,.suech.>ngedl 
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6.5 Neurons and synapses - neurons transmit the ·message', 
synapses modulate the message 

Control and communication within the body imu lves both the nervous system and hormones 
from the endocrine glands. We lcok at the nervous system first. 

• Int rod uci ng the nervous system 
The nervous system is built from nerve cells called neurons. A neuron has a cell body 
containing the nucleus and the bulk of the cytoplasm. From the cell body run fine cytoplasmic 
fibres.Mostfibresareverylongindeed 

Neurons are specialized for the transmission of information in the form of impulses. 
An impulse is a momentary reversal in the electrical potential difference in the membrane 
of a neuron. The transmission of an impulse along a fibre occurs at speeds of between 30 and 
120 metres per second in mammals, so nervous ccordination is extremely fast and responses 
are virtually immediate. Impulses traYel to particular points in the body, served by the fibres. 
Consequently, the effects of impulses are localized rather than diffuse. 

Neurons are grouped together to form the central nervous system, which consists of the 
brain and spinal cord. To and from the central nervous system run nerves of the peripheral 
nervous system. Communication between the central nervous system and all parts of the body 
occursviathesenerves(Figure6.41) 

Looking at neuron structure 

S?"[lalizedfll'M'cells(n•urons)..-eorganizedintoc•ntral 
nervoussystemandp• riphualnervesHnkingHnse organs. 
musc lHand glands1<iththebrain o,spinalcord 

Three types of neuron make up the nervous system (sensory neurons, relay neurons and motor 
neurons). The structure of a motor neuron is shown in Figure 6.42 
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• Flgure6.42 

The motor neuroru have many fine dendrites , which bring impulses towards the cell body, 
and a single long axon which carries impulses away from the cell body. The function of the 
motor neuron is to carry impulses from the central nervous system to a muscle or gland (known 
as an effector). 
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A neuron is surrounded by many supporting cells, one type of which, Schwann cells, become 
wrapped around the axons of motor neurons, forming a structure called a myelin sheath. Myelin 
consists largely of lipid and has high electrical resistance. Frequent junctioru occur along a 
myelin sheath, between the individual Schwann cells. The junctions are called nodes ofRanvier. 

Neurons and the transmission of an impulse 
Neurons transmit information in the form of impulses. An impulse is transmitted along nerve 
fibres, but it is not an electrical current that flows along the 'wires' of the nerves. An impulse 
is a momentary reYersal in electrical potential difference in the membrane - a change in the 
position of charged ions between the iruide and outside of the membrane of the ner\"e fibres 
This reversal flows from one end of the neuron to the other in a fraction of a second. 

Between conduction of one impulse and the next, the neuron is sometimes said to be resting, 
but this is not the case. The 'resting' neuron membrane is actively setting up the electrical 
potential difference between the inside and the outside of the fibre, known as the resting 
potential. 

The resting potential 

The resting potential is the potential difference across a nerve cell membrane when it is not 
being stimulated. It is normally about -70 millh·olts (mV). 
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The resting potential difference is re-established across the neuron membrane after a nerve 
impulse has been transmitted. We say the nerve fibre has been repolarized 

The resting potential is the product of two proces.ses 

I The active transport of ix,tassium ions (K+) in across the membrane and sodium ions (Na•) 
out across the membrane - this occurs by a K*/Na• pump, using energy from ATP (figure I.SO, 
page 46). The concentration of potassium and sodium ions on oppo,;ite sides of the membrane 
is built up, but this in itself makes no change to the ix,tential difference across the membrane. 

2 Facilitated diffusion ofK* ions out and Na* ions back in - the importantix,int here is that the 
membrane is far more permeable to K* ions flowing out than to Na' ions returning. This causes 
the tissue fluid outside the neuron to contain many more positive ions than are present in the 
tiny amount of cytoplasm inside. fu a result , a negative charge is developed inside, compared 
to outside, and the resting neuron is said to be polarized. The difference in charge or ix,tential 
difference (about - 70mV), is known as the resting potential (Figure 6.43). The next e\"ent, 
sooner or later, is the passage of an impulse, known as an action potential 

l(•fNa* pumps 
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• Flgure6.43Theestabllshmentoftherest lng potentlal 

The action potential 

Tiie action potential is the potential difference produced across die plasma membrane of the 
nerve cell when stimulated, re..·ersing the resting potential front about -70mV to about +40mY. 

An action ix,tential is triggered by a stimulus which is received at a receptor cell or sensitive 
nerve ending. The energy of the stimulus causes a temix,rary and local reversal of the resting 
ix,tential The result is that the membrane is briefly depolarized. 

This change in ix,tential across the membrane occurs because of ix,res in the membrane called 
ion channels. These special channels are globular proteins that span the membrane. They have a 
central ix,re with a gate that can open and close. One type of channel is permeable to sodium ions 
and another to potassium ions. During a resting ix,tential these channels are all closed 
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The transfer of energy of the stimulus first opens the gates of the sodium channels in the 
plasma membrane and sc:xlium ions diffuse in, down their electrochemical grad ient . 

Whaicauscia11decmx:hemicalgradie111? 
The electrochemical gradient of an ion is due to its electrical and chemical properties 

• Electrical properties are due to the charge on the ion (an ion is attracted to an opposite charge). 

• Chemical properties are due to concentration in solution (an ion tends to move from a high 
to a low concentration). 

With sc:xlium channels opened, the cytoplasm of the neuron fibre (the interior) quickly becomes 
progressively more positive with respect to the outside. When the charge has been reversed from 
-70 mV to +40mV (due to the electrochemical gradient), an action potential h as been created in 
theneuronfibre(Figure6.44) 

The action potential then runs the length of the neuron fibre. At any one point, it exists 
for only two-thousandths of a second (Z milliseconds), before the resting potential starts to be 

-,.- 0-,,- ,.-, -,,,- ~- ""_' _ re-established. So action potential transmission is exceedingly quick. 
of energy used to Almost immediately, an action potential has passed the sc:xlium channels close and the 
.1 estabfoh the pot assium channels open. Now, potassium ions can exit the cell, again down an electrochemical 

resting potential gradient, into the tissue fluid outside. The interior of the neuron fibre starts to become less 
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The refractory period 

For a brief period, following the passage ofan action !X}tential, the neuron fibre is no longer 
excitable. This is the refractory period and it lasts only 5- 10 milliseconds in total. The neuron 
fibre is not excitable during the refractory period, because there is a large excess of sodium 
ions inside the fibre and further influx is imix>ssible. Subsequently, as the resting !X}tential is 
progressivelyrestored,itbecomesincreasinglypossibleforanactionpotentialtobegenerated 
again. Because of the refractory period, the maximum frequency of impulses is between 500 and 
!OOO per second 

The all-or-nothing principle 

Obviously, stimuli are of widely different strengths: for example, contrast a light touch and the 
pain of a finger hit by a hammer. A stimulus must be at o r above a minimum intensity, known as 
the threshold of stimulation, in order to initiate an action !X}tential. Either the depolarization 
is sufficient to fully reverse the potential difference in the cytoplasm (from - 70mV to +40mV), 
or it is not. If not, no action !X}tential arises. With all sub-threshold stimuli, the influx of sodium 
ions is quickly reversed and the full resting potential is re-established 

However, as the intensity of the stimulus increases, the frequency at which the action 
potentials pass along the fibre increases (the individual action !X}tentials are all of standard 
strength). For example, with a n •ry persistent stimulus, action !X}tentials pass along a fibre at an 
accelerated rate, up to the maximum possible permitted by the refractory period. This means the 
effector (or the brain) is able to recognize the intensity of a stimulus from the frequency of action 
!X}tentials(Figure6.45). 

th r.shold va lue: not ~~:~s:~~~i'u~~·~~ 
~~:"'~:a'.:7/Qa,;ty :;i,..c=-.i.,.~~isa!'nof 
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Speed of conduction of the action potential 

maximum frequency of 
;mpt.ises 

The presence of a myelin sheath affects the speed of transmission of the action !X}tential 
The junctions in the sheath, the m:xles ofRanvier, occur at 1- 2 mm intervals. Only at these 
m:xles is the axon membrane exposed. Elsewhere along the fibre, the electrical resistance of the 
myelin sheath prevents depolarization of the m:xles. The action potentials actually 'jump' from 
m:xle to mxle (this is called saltatory conduction, meaning 'to leap', Figure 6.46). This greatly 
speedsuptherateof transmission. 

By contrast, non-myelinated dendrons and axons are common in non-vertebrate animals. 
Here, step-by-step depolarization occurs as the action !X}tential flows along the entire surface of 
the fibres. This is a relatively slow process, compared with saltatory conduction. 

However, any non-myelinated fibre with a large diameter actually transmits an action 
!X}tential much more speedily than does a narrow fibre. This is because the speed of transmission 
depends on resistance offered by the axoplasm within. This type of resistance is related to the 
diameter of the fibre; the narrower the fibre, the greater its resistance, and the lower the speed 
of conduction of the action potential. Some non-wrtebrates , like the squid and the earth..,,urm, 
have giant fibres, which allow fast transmission of action potentials (not as fast as in myelinated 
fibres, however). Incidentally, the original investigations of the nature of the action potential by 
physiologistswerecarriedoutongiantfibres. 
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• Junctions bet ween neurons 
The synapse is the link !X)int between neurons. A synapse consists of the =llen tip (synaptic 
knob) of the axon of one neuron (pre-synaptic neuron) and the dendrite or cell lxxly of another 
neuron (post-synaptic neuron). At the synapse, the neurons are extremely close but they have no 
direct contact. Instead there isa tiny gap, called a synaptic cleft, aOOut 20nm wide (Figure6.48). 

The practical effect of the synaptic cleft is that an action potential can only cross it via 
specific chemicals, known as transmitter substances. Transmitter substances are all relath·ely 
small molecules that diffuse quickly. They are produced in the Golgi apparatus in the symi.ptic 
knob and are held in tiny vesicles before release. 

Acetykholine (ACh) is a commonly occurring transmitter substance (the neurons that 
release acetylcholine are known as cholinergic neurons) . Another common transmitter 
substance is noradrenalin (from adrenergic neurons). In the brain, the commonly occurring 
transmitters are glutamic acid and dopamine. 

Steps of synapse transm ission 
You may find ir helpful w follow each irep in FiguTl' 6.49. the diagmm of ihii ewm. 
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• Rgure6.48 Asynapselnsectlon 

1 The arrival of an action potential at the synaptic knob opens calcium ion channels in the 
pre-synaptic membrane, and calcium ions flow in from the synaptic cleft. 

2 The calcium ions cause ,·esicles of transmitter substance to fuse with the pre-synaptic 
membrane and release transmitter substance into the synaptic cleft 

3 The transmitter substance diffuses across the synaptic cleft and binds with a receptor 
protein 

In the post-synaptic membrane there are specific receptor sites for each transmitter 
substance. Each of these receptors also acts as a channel in the membrane which allows a 
specific ion (e.g. Na+, or a - or some other ion) to pass. The attachment of a transmitter 
molecule to its receptor instantly opens the ion channel. 

When a molecule of ACh attaches to its receptor site, a Na• channel opens. fu the 
sodium ions rush into the cytoplasm of the p:,st-synaptic neuron, depobrization of the 
post-synaptic membrane occurs. fu more and more molecules of ACh bind, it becomes 
increasingly likely that depolarization will reach the threshold level. When it does , an action 
potential is generated in the post-synaptic neuron. This process of build up to an action 
potential in p:,sc,.synaptic membranes is called faci litation 

4 The transmitter substance on the receptors is immediately inactivated by enzyme action. 
For example, the enzyme cholinesterase hydrolyses ACh to choline and ethanoic acid, which 
are inactive as transmitters. This causes the ion channel of the receptor protein to close, and 
so allows the resting potential in the post-synaptic neuron to be re-establi:;hed 

5 The inactivated products from the transmitter re-enter the pre-synaptic knob, are 
resynthesized into transmitter substance and packaged for reuse (Figure 6.49). 
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Drugs have been discovered that interfere with the action of neurotransmitters. For example, 
some drugs amplify the processes and increase po,tsynaptic transmission. Nicotine and atropine 
have these effects 

Other drugs inhibit the processes of synaptic transmission, in effect decreasing synaptic 
transmission. Amphetamines and P-blocker drugs have these effects. The latter are used in the 
treatment of high blood pressure. In fact, an understanding of the workings of neurotransmitters 
and synapses has led to the dewlopment of numerous pharmaceuticals for the treatment of 
mental disorders 

r Cooperation and collaboration between groups of scientists 
Interestingly, these and other discoveries by neurobiologists are contributing to research into 
memory and learning. 

Another a(1llication of this technology is in the pn:xluction of effective commercial 
pesticides. For example, chemical molecules known as neonicotinoids have been found to 

completely block synaptic transmission at chlorogenic synapses of insects. Since they may kill 
insect pests to which they are applied they are useful, but there are issues about their impact on 
the wider insect community. 
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6.6 Hormones, homeostasis and reproduction 
- hormones are used when signals need to be widely distributed 

• Int rod ucing the endocrine system 
Hormones are chemical substances that are produced and secreted from the cells of the ductless 
or endocrine glands. In effect, hormones carry mes.sages about the body - but in a totally 
different way from the nervous system 

Hormones are transported indiscriminately in the bloodstream, but they act only at specific 
sites, called target organs. Although present in small quantities, hormones are extremely 
effective messengers, helping to control and coordinate lxxly activities. Once released, hormones 
may cause changes to specific metabolic reactions of their target organs. However, they circulate 
in the bloodstream only briefly. In the liver, hormones are broken down and the breakdown 
products are excreted in the kidneys. So, long-acting hormones must be secreted continuously to 
be effective. 

An example of a hormone is insulin, released from endocrine cells in the pancreas. Insulin 
regulates blood glucose (page 302). The positions of endocrine glands of the body are shown in 
Figure6.50. 
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• Ma inta ining a const ant internal environment- homeost as is 
Living things face changing and sometimes hostile environments; some external conditions 
change slowly, others dramatically. For example, temperature changes quickly on land that is 
exposed to direct sunlight, but the temperature of water exposed to sunlight changes very slowly 
(page70). 

How do organi.lms respond ro rnvironmemal c~s! 
An animal that is able to maintain a con.scant internal environment, enabling it to continue 

normal activities more or less whatever the external conditions, is known as a regulator. For 
example, mammals and birds maintain a high and almost coru;tant body temperature over a 
very wide range of external temperatures. Their bodies are at or about the optimum temperature 
for the majority of the enzymes that drh·e their metabolism. Their muscles contract efficiently 
and the nervous system coordinates responses precisely, even when external conditions are 



300 6 Human h iol 

unfavourable. They are often able to avoid danger and perhaps they may also benefit from 
the vulnerability of prey organisms which happen to be non-regulators. So regulators may 
have greater freedom in choo,ing where to live. They can exploit more habitats with differing 
conditions than non-regulators. 

Homeostasis is the name for this ability to maintain a constant internal environment. 
Homeostasis means 'staying the same'. The internal environment consists of the blcod 
circulating in the body and the fluid that circulates among cells (tissue fluid that forms 
from bkxxl plasma), delivering nutrients and removing waste products while bathing the 
cells. Mammals are excellent examples of animals that maintain remarkably constant 
internal conditions. They succe.sfully regulate their blood pH, oxygen and carbon dioxide 
concentrations, blcod glucose, lx:xly temperature and water balance at constant levels or within 
narrowlimits(Figure 6.51) 

How iihomeosiaiiiachie1td! 
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• Rgure 6.51 Homeost asls In mammals 

Negative feedback - the mechanism of homeostasis 
Negative feedback is the type of control in which conditions are brought back to a set value as 
soon as it is detected that they ha1·e deviated from it. We see this type of mechanism at work 
in a system to maintain the temperature of a laboratory water bath. Analysis of this familiar 
example will show ll'i the components of a negath·e feedback system (Figure 6.52) 

In a negative feedback system, a detector device measures the value of the variable (the water 
temperature in the water bath) and transmits this information to a control unit. The control 
unit compres data from the detector with a pre-set value (the desired water temperature of the 
water bath). When the value from the detector is below the required value, the control unit 
activates an effector device (a water heater in the water bath) so that the temperature starts to 
rise. When data from the detector registers in the control box that the water has reached the set 
temperature, then the control box switches off the response (the water heater). How precisely the 
variableismaintaineddependsonthesensitivityofthedetector,butnegath·efeedbackcontrol 
typically involves some degree of 'overshoot'. 

In mammals, regulation of lxxly temperature, blcod sugar level, and the amounts of water and 
ions in blcxxl and tissue fluid (osmoregulation) are regulated by negative feedback. The detectors 
arespecializedcellsineitherthebrainor otherorgans,suchasthepancreas. The effectors are 
organs such as the skin, liver and kidneys. Information passes between them via the nerves of the 
nervous system or via hormones (the endocrine system), or both. The outcome is an incredibly 
precisely regulated internal environment. 
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• Homeostas is in action 

1 Regulation of blood glucose 
Transport of glucose to all cells is a key function of the blood circulation. In humans, the normal 
level of blood glucose is about 90mg of glucose in l!\·ery 100cm] ofbkxxl , but it can vary. For 
example, during an extended period without food, or after prolonged and heavy physical activity, 
blood ghx:ose may fall to as low as 70mg. After a meal rich in carbohydrate has been digested, 
blood glucose may rise to 150mg 

The maintenance of a constant level of this monosaccharide in the blood plasma is 
importantfort"M>reasons 

• Respiration is a continuous process in all living cells. To maintain their metabolism, cells 
need a regular supply of glucose, which can be quickly absorbed across the cell membrane. 
Glucose is the main respiratory substrate for many tissues. Most cells (including muscle cells) 
hold reserves in the form of glycogen which is quickly com·erted to glucose during prolonged 
physical activity. However, glycogen reser,·es may be used up quickly. In the brain, glucose is 
the only substrate the cells can use and, here, there is no gl~~ogen store held in reserve. 
If our blood glucose falls below 60mg per 100cm], we have a condition called hypoglycemia. 
If this is not quickly reversed, we may faint . If the body and brain continue to be deprived of 
adequate gluco:;e levels, convulsions and coma follow. 

• An abnormally high concentration of blood glucose, known as hyperglycemia, is also a 
problem. Since high concentration of any soluble metabolite lowers the water potential of the 
blood plasma, water is drawn from the cells and tissue fluid by osmo:;is, back into the blood. 
Al; the ,ulume ofblcxxl increases, water is excreted by the kidney to maintain the correct 
concentration of blood. Al; a result, the body tends to become dehydrated and the circulatory 
system is deprived of fluid. Ultimately, blood pressure cannot be maintained. 

For these reasons, it is critically important that the blood glucose is held within set limits. 
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Mechanism for regulation of blood glucose 

After the digestion of carbohydrates in the gut, glucose is absorbed across the epithelial cells 
of the villi (Figure 6.4, page Z5Z) into the hepatic portal vein. The blood carrying the glucose 
reaches the liver first. If the glucose level is too high, glucose is withdrawn from the blood and 
stored as glycogen. Despite this action, blood circulating in the body immediately after a meal 
does have a raised level of glocose. At the pancreas, the presence of an excess of blood glucose 
is detected in patches of cells known as the islets of l.angerhans (Figure 6.53). These islets are 
hormone-secreting glands (endocrine glands); they have a rich capillary netl'Urk, but no ducts 
that would carry secretions away. Instead, their hormones are transported all over the body by 
the bkxxl. The islets ofLangerhans contain two types of cell, o: cells and p cells. 

TS of pancrutic gland showing an islet of Languhans draw ing of part of pancreatic gland 

A raised blood glucose level stimulates the p cells, and they secrete the hormone insulin into 
the capillary network. Insulin causes the uptake of glucose into cells all over the body, but 
especiallybytheliverandtheskeletalmusclefibres(Figure6.54).ltalsoincreasestherateat 
which glucose is used in respiration, in preference to alternative substrates (soch as fat). Another 
effect of insulin is to trigger conwrsion of glucose to glycogen in cells (glycogenesis), and of 
glucose to fatty acids and fats, and finally the deposition of fat atound the body. 

fu the bkxxl glucose level reverts to normal, this is detected in the islets of l.angerhans, and 
----- the p cells stop insulin secretion. Meanwhile, the hormone is excreted by the kidney tubules and 

thebkxxl insulinlewlfulls. 
When the blood glucose level falls below normal, the CJ. cells of the pancrea<; secrete a hormone 

called glucrigon. This hormone activates the enzymes that convert gi)Ulgen and amino acids to 
glucose(gluconeogenesis).Glucagonalsoreducestherateofrespiration(Figures655). 

fu the bkxxl glucose level reverts to normal, glucagon production ceases and this hormone, 
in tum, is removed from the bkxxl in the kidney tubules 

• Flgure6.54 Thesltesofbloodglucoseregulatlon 
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• Flgure6.55Glucoseregulatlonbynegatlvefeedback 

• Flgure6.56 
Dlabetes,causesand 

T he d isease d iabet es 

A diabetic is a person whose lxxly is failing to regulate bkxxl glucose levels correctly. Type I 
diabetesistheresultofafailureofinsulinproductionbythe~cells. Type Il diabetes(diabetes 
mellitus) is a failure of the insulin receptor proteins on the cell membranes of target cells 
(Figure 6.56). As a result, bkxxl glucose level is more erratic and, generally, permanently raised 
Glucose is also regularly excreted in the urine. If this condition is not diagnosed and treated, it 
carries an increased risk of circulatory disorders, renal failure, blindness, strokes or heart attacks. 
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2 Control of body temperature 
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Regulation of our lxxly temperature, known as thermoregu lation, involves controlling both 
heat loss across the lxxly surface and heat production within. Heat is lost to the em·ironment by 
convection, radiation and conduction. The lxxly also loses heat by evaporation. 



304 6 Human h iol 

organ mass heat 
(as%ofthe production 
totalbody airest 
mass) {as '!'. ofthe .~, 

lungs 

• Flgure 6.57 
Heat production In 
the body at rest 

Mammals maintain a high and relatively constant lxxly temperature by: 

• generating heat within the lxxly from the reactions of metabolism and by being able to 
regulate this heat production 

• subtle control of the loss of heat through the skin. 

An animal with this form of thermoregulation is called an endotherm, meaning 'inside heat'. 
Humans hold their inner body temperature (core temperature) just below 37°C. In fact, human 
core temperature only varies between about 35.5 and 37.0"C within a 24.hour period, when we 
are in good health 

Heat production in the human body 

The major sources of heat are the biochemical reactions of metabolism that generate heat as 
a waste prOOuct (Figure 6.57). Heat is then distributed by the blood circulation. The organs 
of the lxxlyvary in the amount of heat they yield. For example, the lh·er is extremely active 
metabolically, but most of its metabolic reactions require an input of energy (they are endergonic 
reactions) and little energy is lost as heat. Mostly, the liver is thermally neutral. 

The bulk of our lxxly heat (over 70%) comes from other organs, mainly from the heart and 
kidneys, but also from the lungs and brain (which, like a computer central processing unit, 
needs to be kept cool). While the body is at rest, the skeleton, muscles and skin, which make 
up over 90% of the lxxly mass, produce less than 30% of the lxxly heat. Of course, in times of 
intense physical activity, the skeletal muscles generate a great deal of heat as a waste product of 
respiration and contraction. 

If the lxxly experieoces persistent cold, then heat prodoction is iocreased. Under chilly 
_____ conditions, heat output from the body muscles is raised by coordinated contractions of skeletal 

muscles, known as shivering. This raises muscles' heat production about five times above basal rate. 
means to say that Thyroxin, an iodine-containing hormone produced in the thyroid gland (Figure 6.50), also 

~:~e~Kla~: ~)::~l:t:~t sit7~:~:n~~~:t:::;~:~e!~a;:::;:: :::::~ :e:~~~~~~:t: ~~~~~ 
_____ organs. Variations in secretion ofthyroxin help the control of body temperature. 

3 Control of appetite 
Our brain houses a control centre for the appetite, located in the hypothalamll'i, which is a part 
of the floor of the fore brain (Figure 11.32, page 476). Here, our appetite is regulated. Actually, 
this part of the brain also regulates our thirst and body temperature, operating by means of 
impulses despatched to specific body organs and organ systems, via nerves and the spinal cord. 

How the appet ite control centre is kept informed of the 'hunger' state of the body 

The appetite centre is chiefly stimulated by specific hormones that are secreted by tissues and 
organs in the lxxly. Of the three hormones involved, one, leptin, plays a continuous role. In 
adult life, the number of fat cells does not change significantly. If we overeat they fill up with 
lipids; when we are short of food, reserves are used and the fat cells empty. 

Now, as the fat cells fill up, they secrete more leptin. Llke all hormones, leptin circulates in 
the blood. On reaching the appetite centre, leptin suppresses the sensation of hunger. On the 
other hand, when fat cells empty and shrink, they secrete less leptin, and the sensation of hunger 
is experienced in the brain. Clearly, leptin is associated with long-term regulation of eating 

More immediate control is exerted by hormones from parts of the gut and pancreas. 

• As the stomach empties, a hormone is secreted there that stimulates the appetite control 
cemreandwegetahungersensation. 

• After a meal, a hormone is released from the intestine and pancreas; on reaching the appetite 
centre, this suppresses the hunger sensation. 

The hormone leptin and the treatment of clinical obesity 

Obese people have been found to have unusually high concentrations of leptin in their 
bloodstream. Apparently, their lxxlies ha'"e become resistant to the effects of this hormone -
their feeding-control mechanism having become desensitized in some way. Consequently, 
treatment of obesity by administration of leptin has no adYantages, currently. 
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4 Circadian rhythms 
Daily rhythms in physiological processes and behaviour are common throughout the plant and 
animal 'M>fld. For example, animals are active for only part of the 24-hour cycle. Some function 
at dusk or dawn (crepuscular), .\Orne in the night (nocturnal), and many in the day (diurnal), as 
humans do. In fact, much of our behaviour (physical activity, sleep, body temperature, secretion of 
hormones, and other features) follows regular rhythms or cycles (figure 6.58). These cycles operate 
over an approximately 24-hour cycle and are called circadian rhyth ms (meaning 'abow a day'). 
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Circadian rhythms are controlled by a 'biological clock' within the brain. However, cycles are 
coordinated with the cycle of light and dark - with day and night. 

Melatonin is a hormone that is found naturally in the body. It is produced in the brain, in 
the pineal gland. This hormone contributes to setting our biological dock. More melatonin 
is released in darkness and more is released in seasonal longer nights, such as in winter time. 
Light decreases melatonin production and this lrn,;ering of the melatonin level leads to the 
body's preparation for being awake. In darkness, melatonin production resumes, and sleepiness 
returns. The condition experienced by some people, called 'winter depression' (seasonal affective 
disorder, SAD) in which their mental state is affected, is associated with higher than normal 
melatonin lewis in the body. 

We see that an external stimulus, like light, has an impact on the biological clock, but the 
effects are not immediate. When normal patterns of light and dark are changed abruptly - for 
example, as a result of aircraft travel across different time zones - it may take several days before 
patterns of 'sleep' and 'activeness' return to normal. We say the traveller is suffering from 'jet-lag'. 
People who work day, and night-shift patterns that change frequently may have an ewn greater 
problem. 

'Je t-lag' - does melatonin a l1eviate symptoms? 

Melatonin tablets may prevent or reduce jet-lag symptoms, but the safe and appropriate use of 
this medication needs more testing. 
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• Flgure6.59 
Meiosis and the 
dlploldllfecycle 

• Reproduction 
Reproduction is the prOOuction of new individuals by an existing member or members of the 
same species. It is a fundamental characteristic of living things; the ability to self-replicate in 
this way sets the living world apart from the non-living. In reproduction, a parent generation 
effectively passes on a copy of itself, in the form of the genetic material, to another generation -
the offspring. The genetic material of an organism consists of its chromosomes, made of nucleic 
acid(page 138). 

Organisms reproduce either asexually or sexually and many reproduce by both these 
methOOs. However, mammals reproduce by sexual reproduction only. 

diploid 
phaH 

In sexual reprOOuction, two gametes (specialized sex cells) fuse to form a zygote, which then grows 
into a new individual. Fusion of gametes is called fertilization. In the process of gamete formation, 
a nuclear division by meiosis (page 142) halves the normal chromosome number. That is, gametes 
are haploid, and fertilization restores the diploid number of chromosomes (Figure 6.59). Without 
the reducti\"e nuclear division in the process of sexual reprOOuction, the chromo,ome number 
would double in each ~eration. Remember, the offspring produced by sexual reproduction are 
unique, in complete contrast with offspring formed by asexual reproduction 

• Sexual reproduction in mammals 
In mammals, as in most of the ,·ertebrates, the sexes are separate (unisexual individuals). 
In the body, the reproductive and urinary (excretory) systems are closely bound together, 
especially in the male, so biologists refer to these as the urinogenital system. Here, just the 
reproductive systems are considered (Figures 6.60 and 6.61) 

Male and female gametes are produced in paired glands called gonads: the testes and ovaries. 

The male reproductive system 
• T 'MJ testes (singular, testis) are situated in the scrotal sac (scrotum), hanging outside 

the main body cavity; this allows the testes to be at the optimum temperature for sperm 
production, 2-3°C lower than the normal body temperature. As well as prOOucing the male 
gametes, spermatozoa (singular, spermatozoon) or sperms, the testes also produce the male 
sex hormone, testosterone; the testes are, therefore, also endocrine glands (page 299). 

• The epididymis stores the sperms and the sperm ducts carry them in a fluid, called seminal 
fluid, to the outside of the body during a process called an ejaculation 

• Ducted or exocrine glands secrete the nutritive seminal fluid (of alkali, proteins and fructose) 
in which the sperms are trans!X}rted; these include the seminal vesicles and prostate gland. 

• The urethra is a duct that carries semen during an ejaculation (and urine during urination) 
to the outside. 

• The penis contains S!X)ngy erectile tissue that can fill with blood when the male is sexually 
stimulated. This causes the penis to enlarge, lengthen and become rigid, in a condition 
known as an erection. The erect penis penetrates the vagina in sexual intercourse. 
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You should be able to annotate a diagram of the male reprOOuctive system, noting the specific 
functions of testis, scrotum, epididymis, sperm duct, seminal vesicles and prostate gland, urethra 
and penis. 

The female reproductive system 
• The ovaries are held near the base of the alxlominal cavity. As well as producing the female 

gametes, ova or egg cells , the ovaries are also endocrine glaOOs, secreting the female sex 
hormones estrogen (sometimes spelled 'oestrogen') aOO progesterone. 

• A pair of oviducts extend from the uterus and open as funnels close to the ovaries. 
The oviducts transp:,rt egg cells, and are the site of fertilization 

• The uterus, which is about the size and shape of an inverted pear, has a thick muscular 
wall arxl an inner lining of mucous membrane that is richly supplied with arterioles. This 
lining, called the endometrium, undergoes regular change in an approximately 28..day 
cycle. The lining is built up each month in preparation for implantation arxl early nutrition 
of a developing embryo, should fertilization occur. If it does not occur, the eOOometrium 
disintegratesarxlmenstruationstarts. 

• The vagina is a muscular tube that can enlarge to allow entry of the penis and exit of a baby 
at birth. The vagina is connected to the uterus at the cervix and it opens to the exterior at 
the vulva. 
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• Rgure 6.61 

urlnogenlta l system 

You should be able to annotate a diagram of the female reproductive system, noting the specific 
functions of the ovary, oviduct, uterll'l, cervix, vagina and vulva. 

• Hormones in reproduction 

1 Hormones in embryon ic development 
The primary sexual characteristics of a male or a female are (X)SSession of their respecti\"e 
reproductive organs. We have seen that in humans, gender is primarily determined by the 
sex chromosomes, XX or XY (figure 3.24, page 158). Actually, in humans the embryonic 
reproductive structures, the gonads and their ducts, and the structures of the external genitalia 
in both sexes are similar up to about the seventh week of gestation. 

Then, in the male (XY), differentiation is initiated by a 'master switch' allele on the 
Y chromosome, named SRY (sex-determining region of the Y chromosome). This triggers the 
development of primitive Sertoli cells in the embryonic gonads, followed by their secretion of 
testosterone from the eighth week. This hormone then initiates the pre-natal development of 
the epididymis, sperm duct, seminal vesicles, testes and prostate gland. 
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In the female (XX), because the SRY allele is absent (and so no testosterone is secreted), 
the ovary, the female ducts and genitalia develop. Subsequently, estrogen and progesterone are 
produced and facilitate the continuing pre .. natal dewlopment of the female reproductive organs. 

2 Hormones at puberty 
During the first 10 years of life, the reproductive systems of girls and boys remain in a juvenile 
state. Then, at puberty, the secondary sexual characteristics begin to develop. This is a time 
of growth and development at the beginning of sexual maturation. Now, there is a significant 
increase in the production of the sex hormones by the gonads - testosterone in cells of the 
testes, and estrogen and progesterone in cells of the ovaries. These hormones are chemically very 
similar molecules; they are nrnnufactured from the steroid cholesterol that is both made in the 
liver and absorbed as part of the diet. (Steroids are a form of lipid, page 86.) 

Perhaps the most noticeable effect of the increased secretion of the sex hormones is the 
stimulation they cause in muscle protein formation and bone growth. Because of this effect, 
testosterone, estrogen and progesterone are known as anabolic steroids (anabolic means 'build 
up'). The effects of the female sex hormones are less marked in this respect than those of 
testosterone in the male. The onset of puberty occurs, on average, about three years earlier in 
girls(Figure6.62). 
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• Rgure6.63 

Hormone regulation 

of the menstrual 
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The onset of puberty is triggered by a part of the brain called the hyp:,thalamus. Here, 
production and secretion of a releasing hormone causes the nearby pituitary gland (the 'master' 
endocrine gland) to prOOuce and release into the blOOO circulation t'M> hormones, follicle­
stimulating hormone (FSH ) and luteinizing hormone (LH). They are so named because their 
roles in sexual development were disco\"ered in the female, although they do operate in both 
sexes. Their first effects are to enhance secretions of the sex hormones. Then, in the presence of 
FSH, LH and the respective sex hormone, there follows the development of the secondary sexual 
characteristics, and the preparation of the body for its role in sexual reproduction. 

3 Hormones in the control of reproduction 
In the female reprOOuctive system 

• The secretion of estrogen and progesterone is cyclical, rather than at a steady rate. Together 
with FSH and LH, the changing concentrations of all four hormones bring about a repeating 
cycle of changes that we call the menstrual cycle. 

• The merutrual cycle consists of two cycles, one in the ovaries and one in the uterus lining. 
The ovarian cycle is concerned with the monthly preparation and shedding of an egg cell 
from an ovary and the uterus cycle is concerned with the build.up of the lining of the uterus 
'Menstrual' means 'monthly'; the combined cycles take around 28 days (Figure 6.63). 
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By convention, the start of the cycle is taken as the first day of menstruation (bleeding), which is 
the shedding of the endometrium lining of the uterll'i. The steps, also summarized in Figure 6.64, 
areas follows 

I FSH is secreted by the pituitary gland and stimulates dewlopment of several immature egg 
cells (in primary follicles) in the ovary. Only one will complete development into a mature 
egg cell (now in the ovarian follicle). 

2 The dewloping follicle then secretes estrogen. Estrogen has two targets: 
a In the uterus, it stimulates the build-up of the endometrium, the lining, for a !X)S.Sible 

implantation of an embr)-U should fertilization take place. 
b In the pituitary gland, estrogen inhibits the further secretion ofFSH, which prevents the 

!X)Ssibility of further follicles being stimulated to develop. This is an example of negath'e 
feedback control (Figure6.64). 
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• Rg ure6.64 Changlnglevelsof hormonesln the menstrualcyde 
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3 The concentration of estrogen continues to increase to a peak value jll'it before the mid-point 
of the cycle. This high and rising level of estrogen suddenly stimulates the secretion of LH 
and, to a slightly lesser extent, FSH, by the pituitary gland. LH stimulates ovulation (the 
shedding of the mature egg cell from the ovarian follicle and its escape from the m11.ry). 

As soon as the ovarian follicle has discharged its egg, LH also stimulates the conversion of 
the ,11.cant follicle into an additional temporary gland, called a corpus luteum 

4 The corpus luteum secretes progesterone and, to a lesser extent, estrogen. Progesterone has 
two targets· 
a In the uterus , it continues the build-up of the endometrium, further preparing for a 

possible implantation of an embr)U should fertilization take place. 
b In the pituitary gland, it inhibits further secretion of lJ-l, and also of FSH; this is a second 

exampleof negative feedback control 
5 The levels ofFSH and LH in the bkxxlstream now rapidly decrease. Low levels ofFSH and 

l1-l allow the corpll'i luteum to degenerate. As a consequence, the levels of progesterone 
and estrogen also fall. &x:m. the levels of these hormones are so low that the extra lining of 
the uterus is no longer maintained. The endometrium breaks down and is lost through the 
vagina in the first five days or so of the new qde. Falling levels of progesterone again cause 
the secretion ofFSH by the pituitary. 

----- 6 A newcycleisunderway. 
lS ~~~;~% ~hea:~I 7 If die egg is fertilized (the start of a pregnancy), then the developing embr)'U itself 

that respectively immediately becomes an endocrine gland, secreting a hormone that circulates in the blcod 
trigger ovulation. and maintains the corpus luteum as an endocrine gland for at least 16 weeks of pregnancy. 
and cause When, eventually, the corpus luteum does breakdown, the placenta takes O\'ff as an 
degefl!'ration ol the endocrine gland, secreting estrogen and progesterone. These hormones continue to pre,·ent 
corpus luteum ovulation and maintain the endometrium. 

Causesoflnfertll lty 

In the male reprod ucth"e system, the secretion of sex hormones commences in pre-natal 
development and is a continuous process, rather than cyclic. 

Testo;;terone secretion has the following roles: 

• It initiates the pre-natal dewlopment of male genitalia. 

• It triggers and regulates the development of secondary sexual characteristics. 

• It maintains the sex drive (libido) in the adult. 

4 Hormones in the treatment of infertility, and in vitro fertilization 
In mammals, fertilization - the fll'iion of male and female gametes to form a zygote - is internal 
It occurs in the upper part of the oviduct. A:; the zygote is transported down the oviduct, mitosis 
and cell division commence. By the time the embr)'U has reached the uterus, it is a solid ball 
of tiny cells. Division continues and the cells organize themselves into a fluid-filled ball , the 
blastocyst , which becomes embedded in the endometrium of the uterus, a process known as 
implantation. In humans, implantation takes from day 7 to day 14 approximately (Figure 11.48, 
page491). 

Not all partners are fertile in this way. Either the male or female, or both, may be infertile, 
duetoanumberofdifferentcauses(fable6.17). 
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In some cases, a couple's infertility may be overcome by the process offertilization of eggs outside 
the booy (in tfou fertilization, !VF, Figure 6.65). The key step in !VF is the successful removal 
of sufficient eggs from the ovaries. To achieve this, normal menstrual activity is temporarily 
suspended with hormone-based drugs. 
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Then, the ovaries are induced to produce a large number of eggs simultaneously, at a time 
conttolled by doctors. In this way, the correct moment to collect the eggs can be known 
accurately. 
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- ---- Egg cells are then isolated from surrounding follicle cells, and mixed with Spt'rms. If fertilization 
li Ex.pl ; ln what"ln 

vitro·and "inv/vo" 
occurs, the fertilized egg cells are incubated so that embryos at the eight-cell stage may be placed 
in the uterus. If one (or more) imbed there, then a normal pregnancy may follow. The first 'test­

----- tube baby' was born in 1978. Today, the procedure is regarded as a routine one 

• William Harvey and sexual reproduction in deer 
At the start of the seventeenth century, there was little understanding about how 'generation' 
took place or how each sex contributed. However, humans had survived and prospered since 
Neolithic times, sustained in large part by the products of their domestication of wild animals 
and the breeding of herds of sheep and cattle, for example. In all domesticated animals, 
breeding takes place only during estrous, and only when male and female animals were 
placed together. The most influential thinking on generation remained that of the Greeks -
from the ideas of Aristotle. The woman (or female animal) provided the 'matter' for the 
baby through her menstrual blood, while the male's semen (the word means 'seed') gave the 
matter 'form'. 
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In addition to an investigation of the bkxxl and its circulation, Harvey worked on this issue 
of sexual reproduction in animals, from 1616- 1638. His results and conclusions were published 
in 1651. His investigations involved 

• deer as viviparous animals and domestic fowl as oviparous animals 

• observation of the development (early embqology) of the chick within the bird's egg. 
He became convinced that an 'egg' was fundamental to generation. Unfortunately, the 
microscope was not available to use in his lifetime - Harvey was unable to see egg cells 

• dissection of the uteri ofhinds (female deer) at all stages of pregnancy. He found the uterus 
always empty at the time of conception, so disproving Aristotle's idea that menstrual bkxx:I 
and semen came together there to form the fetus 

• dissection of the ovaries ofhinds through the 'rutting' season, but he found no sign of an 
'egg' - nor of semen, there, either. Of course, he lacked access to a microscope throughout his 
studies 

• establishing that the uterus was 'empty' at the time of conception, but he remained 
convinced that new life developed in the uterus and that an egg was involved. 

r Developments in scientific research fo llow improvements in apparatus 
It was later - after Harvey's death - that the Royal Society in London sent a request to van 
Leeuwenhoek (Figure 1.Z, page 3) to examine semen (and other body fluids). Prompted in 
this way, he reported the presence of spermatozoa in semen in 1677. Hcw,ever, it was only in 

!:::~~:e;;~t:.~~~r!i~t~~ ::en: :~gtt:i:1~r:::7~~:r~:;~~~t~e:~:~!:;1~::~ion' 
truly understood 



• Examination questions -
a selection 

Questions 1-4 are taken from 18 Diploma biology 
papers. 

Q1 Which enzyme is amylase? 

Product (s) 

A Pancreas 

8 Stom..ch Peptkies 

C Pancreas PeptK}l's 

O Smallinteslil\l' glucose 

standard level Paper I, TimeZone I, M;;,y13,Q24 

Q2 Which feature maintains a high concentration 
gradient of gases in the ventilation system? 
A Thin-walled alveoli 
B Thin-walledcapillaries 
C A moist lining of the alveoli 
D Blood flowing in the capillaries 

Higherleve/Paperl, nmezonea,Nav/O,Q21 

Q3 Which statement describes the movements of the 
rib cage during inhalation of air? 
A External intercostal muscles contract moving 

the ribs up and outwards. 
B Internal intercostal muscles contract moving 

theribsdownandinwards. 
C Externalintercostalmusclesrelaxmovingribs 

down and inwards. 
D Internal intercostal muscles relax moving ribs 

up and outwards. 
standa(-dLeve/Paperl, nmezooeo,Nov12,Q26 

Q4 What causes the rate of hea rt contraction to 
increase or decrease? 
A Theheartmuscleitself 
B Nerve impulses from the brain 
C A hormone from the thyroid gland 
D The rate of return of blood to the left atrium 

srand.udLfW!Paperl, rimezone2,M;;,y/J,Q24 

Examination questions - a selection 315 

Questions 5- 11 cover other syllabus issues in this 
chapter. 

Q5 a In the absorption of digested food molecules 
in the small intestine, explain where each of 
the following structures occurs and how each 
contributes to the absorption process: 
i villi (2) 
ii capillarynetworks (2) 
iii microvilli (2) 
iv protein pumps. (2) 

b Explain the term assimilation, and state where 
it occurs in the body. (3) 

Q6 a Outline the way the resting potential allows 
a nerve cell tobereadyforthetransmission 
of a nerve impulse. (4) 

b Describe the events that occur while a 
non-myelinated axon transports an impulse 
during an action potential. (8) 

Q7 An example of an autoimmune disease is 
diabetes type I. Distinguish diabetes type I from 
type II and explain why insulin injections are not 
required for patients diagnosed with diabetes 
type II. (4) 

QB State the name of the hormones that: 
i triggerovulation (1) 
ii stimulate the growth of the endometrium (1) 
iii maintain the endometrium and promote 

itsvascularisation. (1) 

Q9 The work performed by Harold Florey and 
Ernest Chain has a high scientific relevance in 
relationshipvviththe initial use of penicillin as 
a possible treatment for cl inic trials. Describe 
the tests they performed and consider vvhy the 
procedures they followed were not compliant 
vvith modern investigation protocols. (6) 
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Q10 a The photograph shows a heart, viewed from Q11 Blood has roles in transport and in the body's 
the ventral side. defences against disease. By means of a table, 

Using the following figure, label it in order to 
find out the following structures 
• right atrium 
• left ventricle 
• a vein and an artery (3) 

b Explain how adrenaline and the pace maker 
are used to increase the heart rate. (2) 

c Distinguish between the structure of arteries 
and veins. (3) 

identify the specific roles of each component of 
the blood (plasma, red cells, white cells, platelets) 
in these functions. (8) 



II Nucleic acids 

• The structure of DNA is ideally suited to its function . 
• Information stored as a code in DNA is copied on to mRNA. 
• Information transferred from DNA to mRNA is translated into an amino acid sequence. 

7.1 DNA structure and replication -,he,t,uctu~ofDNAi, 
ideally suited to its function 

We have seen that nucleic acids are very long thread-like macromolecules of alternating sugar 
and phosphate molecules (forming a 'backbone') with a nitrogenous base - either cytosine (C), 

_____ guanine (G), adenine (A), thymine (T) or uracil (U) - attached to each sugar molecule along 

1 Distinguish the strand. Nucleic acids, as the information molecules of cells, fulfil this role throughout the 
livingworld - thegeneticcodeisauniversalone. between an organic 

base.anudeoside. 
amideotkleanda 

The structures of the t'M> types of nucleic acid, deoxyribonucleic acid (DNA) and 
ribonucleic acid (RNA), are compared in Table 2.8, page 107. In eukaq.utes, while DNA occurs 

_____ only in the nucleus, RNA is found in both the cytoplasm and the nucleus. 

• Flgure7.1 

Thenucleosomeand 

supercolllng ofDNA 

• The packaging of DNA - nucleosomes and supercoiling 
In eukaryotes, DNA occurs in the chromosomes in the nucleus, along with protein. Actually, 
more than 50% of a chromosome is built of protein. While some of the proteins of the 
chromosome are enzymes involved in copying and repair reactions of DNA, the bulk of 
chromosome protein has a support and packaging role for DNA. 

Whyispockagingnemsary! 
Well , take the case of human DNA. In the nucleus, the total length of the DNA of the 

chromosomes is over Z m. We know this is shared out between 46 chromosomes, and that 
each chromosome contains one, very long DNA molecule. Chromosomes are different lengths 
(Figure 3.6, page 141), but we can estimate that within a typical chromosome of 5 µm length, 
there is a DNA molecule approximately 5 cm long. This means that about 50CXXlµm of DNA is 
packed into 5µm of chromosome. 

This phenomenal packaging is achieYed by coiling the DNA double helix and looping it 
around protein beads called nudeosomes, as illustrated in Figure 7.1. 

how the DNA molecul • 

Electronmicrog raph ofm•taphaHchromosom• 
(x 4~ 000)-at ~his '':9~ th• chromosome is at 

is packaged in e ukaryotes 

:~d ~ --=!:;> 
DNAdoublehel;x 
woundrnundhi,tooe 
prot..n"bead"- called 
anucleosom• coreol nucleosome 

ofei,jlthistone 

~;~~'-"~'"] 
DNAdoubl• h• Ux 
woundtwiceamund 

the packaging of DNA in the chromosome 
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The packaging protein of the nucleosome, called histone, is a basic (positively charged) protein 
containing a high concentration of amino acid residues with additional base groups (- N H2), 

----- such as lysine and arginine (see also page 56). In nucleosomes, eight histone molecules 
2 

a =~;:eE
1

in =:i~n~_make a single bead. Around each bead, the DNA double helix is wrapped in a 

being At times of nuclear division, the whole beaded thread is, itself, coiled up, forming the 
·superrnHed' in chromatin fibre. The chromatin fibre is again coiled, and the coils are looped around a 'scaffold' 

b ~=rea:eof ~:t~:1~:·;:~:e~fc~;:~~:en(F;;:::~6r;;hi~). ~;~~;:et~e :~:!1:::;:~~~~~:y 

signilican{e of structures in the safe storage of these phenomenal lengths of DNA that are packed in the nuclei. the positively However, nucleosomes also allow access to selected lengths of the DNA (particular genes) during 
dlarged histone transcription - a process we will discuss shortly. 
protein and We can conclude that the much smaller gt>nomes of prokaryotes do not require this 
the negatively packaging, for protein is absent from the circular chromosomes of bacteria. Here, the DNA is 

__ rn_._,.,_ao_,_A_ described as 'naked'. 

• Molecular visualization of DNA 
A molecular visualization of DNA was created for the SO"' anniversary of the discowry of the 
double helix. The dynamics and molecular shapes were based on X-ray cr~atallographic models 
and other data. You can observe an animation of the 'packaging' of the DNA molecule in 
nucleosomes at: www.wehi.edu.au,'education.lwehitv/molecular_visualizations_of_dna/ 

• Discovery of the role of DNA as information molecule 
Since about 50% of a chromosome consists of protein, it is no wonder that people once 
speculated that protein of the chromosomes might be the information substance of the cell. 
For example, there is more chemical 'variety' within a protein than in nucleic acid. Hrn,,ever, 
this idea prrn·ed incorrect. We now know that the DNA of the chromosomes holds the 
information that codes for the sequence of amino acids from which the proteins of the cell 
cytoplasm are built. 

Howwasihisesiablished! 
The unique importance of DNA was proved by an experiment with a bacteriophage virus 

A bacteriophage (or phage) is a virus that parasitiies a bacterium. A virus particle consists of 
a protein coat surrounding a nucleic acid core. Once a ~·irus has gained entry to a host cell, it 
may take over the cell's metabolism, switching it to the production of new viruses. Eventually, 
the remains of the host cell breaks down (lysis) and the new viru'l particles escape - now able to 

repeat the infection in new host cells. The lifecycle of a bacteriophage, a virus with a complex 
'head' and 'tail' structure, is shown in Figure 7.2 

e lectron micrograph of bacte ri ophag e 
infecting a bacte rium 

structure of the phage 

• Flgure7.2 Thellfecydeofabacterlophage 
baseplate of protein 

stepsto re pl icatio n o fthe phag• 

2 V.rusDNAtal<esOYe<theholt'11ynthl'Si1 
machonery. 

3 Newviru1e1area1sem~l'dandthenescape 
lo"-'P"attheinlectioncyc:le 



• Rgure7.3 
The Hershey- Chase 
experiment 

wouklhal'l'been 
the outcome of the 
Her1hey- Chase 
experiment(Figure 
B) ifprntein 
had been the 

7.1 DNA structure and replication 319 

Two experimental scientists, Martha Chase and Alfred Hershey, used a bacteriophage that 
parasitizes the bacterium Escherichia coli (Figure 1.32, page 29) to answer the question of whether 
genetic information lies in the protein (coat) or the DNA (core) (Figure 7.3). 

T l'U batches of the bacteriophage were prOOuced, one with radioactive phosphorus {31P) built 
into the DNA core (so here the DNA was labelled) and one with radioactive sulfur (155) built 
into the protein coat (here the protein was labelled). Note that sulfur occurs in protein, but 
there is no sulfur in DNA. Likewise, phosphorus occurs in DNA, but there is no phosphorus in 
protein. So, we can be sure the radioactive labt'ls were specific. 

T l'U identical cultures of E. coli were infected, one with the JlP,labt'lled virus and one with 
the 355-labelled virus. Subsequently, radioactively labelled viruses were obtained only from the 
bacteria infected with virus labelled with Jlp_ In fact, the .155 label did not enter the host cell at 
all. Chase and Hershey's experiment clearly demonstrated that it is the DNA part of the virus 
which enters the ho,t cell and carries the genetic information for the production of new viruses. 

~a;:r%it'J:°etK =-~w~:':~l~o~tfui~:1:~IE,dhm~c~!;,,~.;,,~~~~~:O,~.as,.;',:'~"~2:;ruses 
_____ roncludedthat DNA ca rries the genetic messag• 

• Base pairing in the DNA molecule 
The structure of the DNA molecule as a double helix, proposed by Watson and Crick in 1953, is 
illustrated in Figure 2.49 (page 107). A key feature of DNA is base pairing. 

Discovery of the principle of base pairing by Watson and Crick was the result of their 
interpretation of the 'M>fk of Edwin Chargaff. In 1935, Chargaff had analysed the compa;ition 
of DNA from a range of organisms and found rather remarkable patterns. Apparently, the 
significance of these patterns was not immediately obvious to Chargaff, though, 
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HisdiscoYerieswere· 

• the numbers of purine bases (adenine and guanine) always equalled the number of 
pyrimidine bases (cytosine and thymine) 

• the number of adenine bases equalled the number of thymine bases, and the number of 
guaninebasesequalledthenumberofcytosinebases 

Wha1doesthismean? 
The organic bases found in DNA are of two distinct types with contrasting shapes: 

• cytosine and thymine are pyrimidines or single-ring bases 

• adenine and guanine are purines or double-ring bases. 

Only a purine will fit with a pyrimidine between the sugar- phosphate backbones, when base 
pairing occurs (Figure 7.4). So in DNA, adenine must pair with thymine, and cytosine must pair 
with guanine! 

In their paper, published in Namre in 1953, in which the molecular structure of DNA was 
first announced, Crick and Watson observed that DNA was a molecule with 'noYel features 
which are of considerable biological interest'! In a second understatement, the paper concluded, 
'It has not escaped our notice that the specific pairing we have postulated immediately suggests a 
possible copying mechanism for the genetic material'. 

We will examine the replication of DNA, shortly. 

Jlllllll!IEIIIIII Making careful observations 

• X-ray diffraction 
Rosalind Franklin and her team at Kings College, London, found that, when X-rays are passed 
through crystallized DNA, they are scattered to produce a distinctive pattern (Figure 2.50, 
page 108). X-ray diffraction was a technique with which Franklin Wll.S already familiar, from 
earlier studies of the crystal structures of other molecules. It was by analysis of this X-ray 
diffraction pattern that the three-dimensional structure of DNA was deduced. As a result of 
these careful obsen.itions, Franklin Wll.S able to conclude that the cross at the centre of the 
X-ray pattern suggested DNA was helical in shape and also gave the pitch of the helix. Other 
features of the pattern indicated the dimensions of the repeating aspects of the molecule. 

Wauon and Crick were shown this evidence and the conclusions before Franklin had 
published (and without her knowledge or permission). Watson and Crick returned to their 
Cambridge laboratory, combined this knowledge with the fruiu of their own calculations and 
with information from literature searches, and then built their now famous model. Subsequently, 
they published their paper. Rosalind Franklin was not a member of the group that was later 
awarded a Nobel Prize for this discovery. She had died by then, and this prize cannot be aWll.rded 
posthumously. 

From the rruxlel of DNA in Figure 7.4, we can also see that when A pairs with T, they are held 
together by two hydrogen bonds; when C pairs with G, they are held by three hydrogen bonds. 
Only these pairs can form hydrogen bonds. Because of base pairing and the formation of specific 
hydrogen bonds, the sequence of bases in one strand of the helix determines the sequence of 

_____ bases in the other - a principle we know as complementary base pairing. 
4 lnbasepairing. 

organic bases are • 'Direction' in the DNA molecule 
~~~) ~~~%~~T. We can identify direction in the DNA double helix. The phosphate groups along each strand 
bonds. state which are bridges between carbon,) of one sugar molecule and carbon-5 of the next, and one chain 
parts of the'>!' runs from 5' to 3' while the other runs from 3' to 5'. (Remember, the carbon atoms of organic 
organic molernles molecules can be numbered, page 68.) That is, the two chains of DNA are antiparallel, as 

_ :_;:_~fu_•_h'_'"'_'"_"_ ~~::tt:1n i~:;~;;~-:h~~n::t=: ~ft~~:~~i:!tni~~:~~ds becomes important in 
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• Flgure7.5 
Eukaryotlcgenes 
conslstofexonsand 

• Sequencing DNA - the dideoxyribonucleotide chain 
termination method 

The sequence of nucleotides in a gene (a DNA fragment) can now be determined by machine. 
This technique was devised by Fredrick Sanger - a remarkable achievement for which he was 
awarded a second Nobel Prize (his first was for the discovery of the structure of the protein 
hormone, insulin). 

The method relies on introducing a nucleotide called ddITTP (dideoxyribonucleotide 
triphosphate), which is similar to the nucleotides used by a cell in replicat ion but sufficiently 
different to stop DNA replication. So, when a ddN TP is added to a growing chain of DNA, 
DNA polymerase cannot add any more nucleotides; chain growth stops at that point. Since each 
type of ddITTP used (ddATP, ddTTP, ddCTP and ddGTP) is tagged with a distinct fluorescent 
label, the identity of the nucleotide that ends each strand is automatically identified. 

DNA sequencing is carried out by a machine, by a q.dic process very similar to PCR reaction 
(page 166). This creates many copies of the gene, but in the presence of the tagged ddNTPs and 
an excess of regular nucleotides. So, as the DNA polymerase continues to assemble copies, it 
occasionally picks up a ddITTP instead of the regular nocleotides and replication of that chain 
is stopped. The result is that many part copies of the gene to be sequenced 31:e formed, all of 
nuiable length. These copies are separated in order of size by gel electrophoresis. Then a laser 
reads the fluorescent tag on each ddNTP to re,·eal the order of nucleotides in the gene. 

You can see an illustration of this advanced technique at the following web address, but remember, 
the details do oot need to be memorized: http:Hen.wikipedia.orglwikiifile:SangeMequenciig.svg 

• Genes and 'nonsense' DNA sequences 
The Human Genome Project (page 135) has established that the three million bases of our 
chromosomes represent far fewer genes than was originally expected. In fact , protein-coding 
sequences of our DN A account for only approximately 1.5%. The remainder include some DNA 
sequences that regulate the expression of protein-coding genes (regulatory DNA sequences), 
but that leaves 70% of our DNA with other roles or none. (At one time these regions were 
described as 'junk' or 'nonsense' DNA'). In fact, these extensive 'non-gene' regions of eukaryotic 
chromosomes also consist of: 

• introns. These are non-coding nucleotide sequences, one or more of which interrupts the 
coding sequences (exons) ofeukar)'Utic genes (page 173) 

• telomeres. These are special nucleotide sequences, typically consisting of multiple repetitions 
of one short nucleotide sequence. They occur near the ends of DNA molecules and 'seal' the 
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ends of the linear DNA. Here, they stop erosion of the genes that would occur with each 
repeated round of replication 

• genes for transfer RNA (tRNA). These are parts of the DNA template that code for 
relati\·ely short lengths ofRNA that are formed in the nucleus and pass out into the cytosol. 
Here they transfer amino acids from the pool there, to supply a growing polypeptide in a 
ribosome(Figure7.16, page335). 

• major lengths of non-coding DN A. Today, these are important to genetic engineers, for they 
are exploited in DNA profiling. They are short sequences of bases that are repeated very 
many times. Where they often occur together in major dusters, they are known as 'variable 
number tandems repeat ' regions (VNTRs). Their use in genetic fingerprinting (DNA 
profiling)isdescribedinChapterJ(pagel76). 

TOK link 
Htghly fl'p!'titive DNA ~uence1 were once demibed a1 'junk DNA". \.hawing a degree of rnnfklence that 
they had no role. To what extent do the l.ibels ;md categories used in the purmit of knowledge affect the 
knowledge that we obtain? 

• Replication - DNA copying itse lf 
The way that DNA of the chromosome is replicated was introduced in Chapter 2 (page 109) 
Thekeyfeaturesarelistedhere 

• Replication must be an extremely accurate process, since DNA carries the genetic message. 

• Replication is quite separate from cell division - replication of DNA takes place in the 
interphase nucleus, well before the events of nuclear division 

• Strands of the DNA double helix are built up individually from free nucleotides (the 
structure of a nucleotide is shown in Figure 2.47, page 105). 

• Before nucleotides can be condensed together, the DNA double helix has to unwind, and 
the hydrogen bonds hold ing the strands together mll'it be broken, allowing the two strands of 
the helix to separate 

• The enzyme helicase brings about the unwinding process and holds the strands apart for 
replicationto occur. 

• Both strands act as templates; nucleotides with the appropriate complementary bases line up 
opposite the bases of the exposed strands (A with T, C with G) 

• Hydrogen bonds form between complementary bases, holding the nucleotides in place. 

• Finally, the sugar and phosphate groups of adjacent nucleotides of the new strand condense 
together, catalysed by the enzyme DNA polymerase. Replication always occurs in the 5'-+3' 
direction. 

• The two strands of each DNA molecule wind up into a double helix. 

• One strand of each new double helix came from the parent chromosome and one is a newly 
synthesized strand, an arrangement known as semi-conser vative replica tion because half the 
original molecule is conserved 

• DNA polymerase also has a role in 'proof-reading' the new strands; any mistakes that start 
to happen (such as the wrong bases attempting to pair up) are immediately corrected, so each 
new DNA double helix is exactly like the original 

So, in DNA replication, both strands of the double helix serYes as a template for synthesis 
of a new strand - that is , semi--conservatiwly. The evidence that DNA replication is semi­
conservath"e came from the experiment conducted by Meselson and Stahl, shown in 
Figure2.53, page IIO).Lookar1ha1illus1mrionnow. 

Replication forks and the system of enzymes involved in replication 
Semi--conservath·e replication is actually initiated at many points along the DNA double helix 
These points are known as replication forks. Here, the DNA strands separate (a 'bubble' forms), 
brought about by the enzyme helicase. (Another enzyme, DNA gyrase, assists in oYercoming 
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• Flgure7.6 
The steps of DNA 

repllcaUon 

the strains that come as the double-stranded DNA is unwound.) Then, single-strand binding 
proteins attach and prewnt the separated strands from repairing. The unwound sections of both 
strands are now ready to act as templates for the synthesis of complementary DNA strands. 

Both strands are replicated simultaneously. However, since DNA polymerase (known 
as DNA polymerase III ) can add nucleotides only to the free 3' end, the DNA strands can 
elongate only in the 5'-+3' direction. Consequently, the details of the replication process differ in 
the two strands. Figure 7.6 illustrates the steps, and Table 7.1 lists the enzymes involved. 

The lead ing strand 
The exposed 5'-+3' strand is referred to as the leading strand. Here, DNA polymerase III adds 
nucleotides by complementary base pairing to the free J' end of the new strand, in the same 
direction as the replication fork. This process proceeds continuously, immediately behind the 
advancing helicase, as fresh template is exposed. The initial nucleotide chain formed is actually 
a short length of RNA called a primer. This primer is synthesized by an enzyme, primase. 
Then the new DNA starts from the J ' end of the RNA primer. 

The lagg ing strand 
In contrast to ewnts in the leading strand, here the replication is discontinuous. A series of 
relatively short lengths of DNA (fragments), called 01,.;izaki fragments are formed, each one 
primed separately. 

So, first an RNA primer is formed by primase, and then DNA polymerase Ill attaches 
nucleotides to it, forming a fragment. Next, DNA polymerase I replaces the RNA nucleotides at 
the start of each fragment with DNA nucleotides. Finally, the enzyme ligase joins the Okazaki 
fragments together. 

In this way, short lengths of DNA are synthesized and joined together. 
Ir may hdp ro follow these steps in Figure 7.6. 
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'ii__/ =k,~~and 

G 
.... ,.,.,,.. 

RNAprimase(addspreveot.DNAstrands 
shortRNApmll'f) fromrep,rnng 

DNApolymeraHIII 

DNApolymuasel 
("-"""""'RNA.pr'rner) 



The enzymes that 
bring about DNA 
replication 

7.2 Transcription and qene expression 325 

1 Formatlon of a repllcatlon fork 
helicaseenzyme separatesthetw:istrandofONAtoexpo,;eareplicationlorl<andprevents ~o="'~"'-,-.,,~eo-,,-~--- them rej04ning 

simJ~·slrandbindin9 pmteim 
2a) DNA repllcatlonln the leadlngstrand-acontlnuousprocess 
p11mase forms a s.ingle short length of RNA primer 
ONA polymerase Ill forms the ONA strand. beginnillg at the RNA primer 
2 b) DNA repllca tlonln the lagglngstrand-adlscont lnuousprocess 
RNAprim.11e 
ONA polymerase Ill 

forms short lengths of RNA primer at interv.i~ ;!long the DNA strand 

forms 11\ort DNA strands (Okaz.iki fragments). starting from each RNA 
pnml'f 

5 Ex.plain what ONA polymerase I replaces the RNA primer at the start of each Okazaki fragment with a DNA 
is meant by strand 

anbparal lelstrands -"~''="-----~"='"='fu='~°'='''"=""="~""~""="---------

7.2 Transcription and gene expression -;n1o,mation 
stored as a code in DNA is copied onto mRNA 

Transcription occurs in the nucleus. During transcription, a complementary copy of the 
information in a part of the DNA molecule (a gene) is made by the building of a molecule of 
messenger RNA (mRNA). In the process, the DNA triplet codes are transcribed into codons in 
the mRNA. This process is catalysed by the enzyme RNA polymerase (Figure 7.7). 

In transcription, only one strand of the DNA double helix serves as a template for synthesis 
of mRNA. This is called the anti sense or coding strand. The DNA double helix first unwinds 
and the hydrogen bonds are broken at the site of the gene being transcribed. 

Next, the enzyme RNA polymerase recognizes and binds to a promoter region, the 'start' 
signal for trarucription. This is located immediately before the gene 

RNA polymerase now draws on the pool of free nucleotides. As with DNA replication, 
these nucleotides are present in the form of nucleoside triphosphates (in RNA synthesis uridine 
triphosphate replaces thymidine triphosphate). Transcription is a totally accurate process 
becauseofcomplementarybasepairing. 

The p:,lymerase enzyme matches free nucleotides (A with U, C with G), working in the 
5'~3' direction. Note that in RNA synthesis, it is uracil which pairs with adenine. H\Urogen 
bonds then form between complementary bases, holding the nucleotides in place 

Finally, each selected free nucleotide, in turn, is joined onto the growing mRNA strand by 
condensation reaction. It is the sugar and phosphate groups of adjacent nucleotides that are 
condensed together by the enzyme RNA polymerase. 

The whole process continues until a base sequence known as the transcription termination 
region is reached. At this signal, both RNA polymerase and the completed new strand of 
mRNA are freed from the site of the gene 

Once the mRNA strand is free, it leaves the nucleus through pores in the nuclear membrane 
and passes to tiny structures in the cytoplasm called ribosomes where the information can be 
'read'andisused(pageZ.3). 

The DNA double strand once more reforms into a compact helix at the site of 
transcription. 

6 Explai n when 'direction" in the ONA molernle becomes important in ~ replkation. and b trans{ription 

7 Deflnethelollowingterms 

tran'iCription antisense(coding)strand 
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• Rgure7.7 
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• Some eukaryotic genes are discontinuous 
The Human Genome Project (and similar studies of the genomes of other organisms) has 
established the sequence of bases in very many genes (page 135). This has led to a discovery 
of some non-coding regions in the base sequences of genes. Many of the genes of eukaryotes 
have non-cOOing DNA .sequences within their boundaries. The sections of the gene that carry 
meaningful information (cOOe for amino acids) are called exons. The non-coding sequences that 
intervene - interruptions, in effect - are called introns. While genes split in this way are ,·ery 
common in higher plants and animals, some eukaq.utic genes contain no introns at all. 

When a gene consisting of exons and introns is trnnscribed into mRNA, the mRNA formed 
contains the sequence of introns and exons, exactly as they occur in the DNA. Now, )OU can 
see that, if this unmOOified mRNA was to be 'read' and transcribed in a ribosome, it would 
undoubtedly present problems in the protein-synthesis step. 

In fact, an enzyme-catal~,ed reaction, known as post-transcriptional modification, removes 
the introns as scon as the mRNA has been formed (figure 7.8); the production of this enzyme 
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is also under the control of a gene. As a result , the short lengths of 'nonsense' transcribed into 
the RNA sequence of bases are removed. This is known as RNA splicing and the resulting 
shortened lengths of mRNA are described as mature. It this form of mRNA that pas.ses out into 
the cytoplasm, to the ribosomes, where it is involved in protein synthesis (page 110). 

Incidentally, the genes of prokar)Otes do not have inttons, and the ptokaryotic cell does not 
have the enzyme machinery to carry out splicing, either. This means, when a genetic engineer 
plans to place a copy of a eukaryotic gene in the chromosome of a bacterium, that copy has to be 
intron-free(pages 169and 173). 
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• Regulation of gene expression 
Organisms control which of their genes are expressed at any one moment. Remember, the 
cells in an organism all contain the same genome, whatever the fate of a particular cell 
So, in a multicellular organism, every nucleus contains the coded information relating to the 
development and maintenance of all mature tissues and organs. Both during development and 
later, this genetic information is used selectively. Typically, less than 25% of the protein-coding 
genes in human cells are expres.sed at any time. The expression of genes is related to when and 
where the proteins they code for are needed (Table 7.2). 
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A mechanism for control of gene expression was first discovered in prokaryotes. However, this 
mechanism does not operate in eukaf)otes, so the details do not concern us here. 

How eukaryotic genes are regulated 
I Regulation and chromatin structure 

We have seen that the DNA in the nucleus is packaged with proteins in a complex known as 
chromatin. Here, the much-coiled DNA double helix of each chromosome is looped around 
histone protein beads (nucleosomes, Figure 7.1). These nucleosomes are stable protein- DNA 
complexes, but they are not static. For example, they can inhibit or facilitate transcription. 
Chemical modification of histone protein plays a direct role in the regulation of gene 
transcription 

The ends ofhistone protein molecules project outwards for the nucleosome (Figure 7.9). 
Histone 'tails' may be chemically modified by enzymes, by the addition or removal an acetyl 
group (- CO.CHJ). It is histone acetylation, the addition of this group to a particular amino 
acid (lysine) at the end of the hi stone tails, that loosens the tight binding of the nucleosomes. 
Where this loosening has occurred, transcription enzymes and other proteins have access 
This was previously imix,ssible, when the nucleosomes were tightly bound together. So, histone 
acetylation is a first step in the initiation of transcription of a gene. However, the question 
remains 'What triggers acetybtion in a particular part of a chromosome, in the first place?' 
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2 R egulation by enhancers and transc ription fuctors 

In eukaryotes, before mRNA can be transcribed by the enzyme RNA polymerase, it first binds 
together with a small group of proteins called general transcription factors at a sequence of 
bases known as the promoter. Promoter regions occur on DNA strands just before the start of 
a gene's sequence of bases. (The promoter is an example of a length of non-coding DNA with 
a special function.) Only when this transcription complex of proteins (enzyme plus factors) has 
been assembled, can transcription of the template strand of the gene begin. Once transcription 
has been initiated, the RNA ix,lymerase moves along the DNA, untwisting the helix as it goes 
and exposing the DNA nucleotides, so that RNA nucleotides can pair and the messenger RNA 
strand be formed and peel away. 
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The rate of transcription may be increased (or decreased) by the binding of specific 
transition factors on the enhancer site for the gene. The position of an enhancer site of a gene 
is shown in figure 7.10. This is at some distance 'upstream' of the promoter and gene sequence. 
However, when activator proteins bind to this enhancer site, a new complex is formed and makes 
contact with the polymerase- transition factor complex. Th= the rate of gene expression is 
increased. 

Regulator transcription factors, activators and RNA polymerase are all proteins, and are 
coded for by other genes. It is clear that protein- protein interactions play a key part in the 
initiation of transcription. 
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3 Methylation and epigenetic inheritance - analysing patterns 

Methylation is the reversible addition of a methyl group (- CH1) within the chromatin, possibly 
to histone tails, but usually to the DNA molecule itself. Enzymes bring about this addition to the 
base cytosine (Figure 7.11). The addition occurs while the DNA is wrapped around histone. 
The effect is to change the activity of the gene - usually extensive methylation inactinltes a 
gene. Removal of methyl groups may tum genes back on again. 

Once a gene has been methylated, it may remain in this condition. The methyl groups 
persist in iiru from cell division to cell division. Furthermore, external conditions adverse to the 
cell or organism can leave their mark on our DNA through extensive methylations, leading to 
switched-off genes. 
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• A case study in epigenetic inherita nce? 
It now appears that, not only does methylation last a lifetime, it can be, and often is, transmitted 
to offspring - and sometimes to further generations. The environment of a cell and an organism 
may have an impact on gene expression for generatioru. 

In 1944, communities in the western Netherlands were deprived of food supplies as a result of 
war-time hostilities tor a period in excess of 6 months. Many people died of extreme starvation, but 
among the survivors were pregnant mothers who gave birth - in fact, thousands of malnourished 
and underweight children were born. In later years many of these survivors became parents 
themselves. Despite the fact these people and their offspring were continuously satisfactorily 
fed once hostilities were Ol"et, their own children, born many years later, were signifkantly 
underweight. It seems their parent starvation in infancy was imprinted on their children's DNA. 

From the time Mendel deduced the existence of 'factors' (page 150), through to Crick and 
Watson's discovery of the nature of the gene in chemical terms (pages 108 and 317), genes and 
alleles were seen as unchangeable by external factors. The effects of environmental change were 
believed to be restricted to which genes (alleles) survived and contributed to the gene pool of 
future generations. The environment's impact was held to be on selection, not gene perlormance 
Today, it seems bad diets (for example) can interfere with the performance of genes in succeeding 
generations, presumably as a result of 'tnllrkers' attached to parent DNA in earlier times 

Epigenetics is the study of heritable changes in gene activity that are nm caused by changes 
in the DNA base sequences (epi "' outside). Examples of mechanisms that produce such changes 
are DNA methylation and histone modific:nions. Notice that these modifications affect the 
way cells 'read' the genes, rather than alter the base sequences of DNA itself (which we would 
describe as a mutation). 
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Alternative RNA splicing, after transcription? 
We have noted that change occurs to messenger RNA immediately after it has been formed by 
transcription, in that introns are removed. However, the remaining lengths of mRNA (exons) 
may be spliced together in different combinations. The consequence is that a single gene 
can cOOe for more than one type of polypeptide. In fact, many genes give rise to tl'U or more 
different polypeptides, depending on the order in which exons are assembled (Figure 7.12). 
Even more variety in gene pnxlucts may result if one or more introns are treated as an exon, 
during RNA processing. 

This process, also part of the story of how gene action is regulated, is under the control of 
specific genes, although these are often found on other chromosomes. 
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7. 3 Translation - in formation transferred from DNA to mRNA is translated 
in to an amino acid sequence 

In the eukaryotic cell, the mature mRNA strand leaYes the nucleus through pores in the nuclear 
membrane and passes to ribosomes in the cytoplasm. Here, information transferred from DNA 
to mRNA is translated into amino acid sequences of proteins. 

• Assembly of the components of translation 
Activation of amino acids 
Some 20 different amino acids are invol'"ed in protein synthesis. Amino acids are actinued for 
protein synthesis by combination with a short length of a different sort of RNA, called trarufer 
RNA (tRNA, Figure 7.13). The activation process involves ATP. There are 20 different tRNA 
molecules, one for each of the amino acids coded for in proteins. 
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All tRNAs molecules have a clover-leaf shape, but they differ in the sequence of bases, 
known as the anticOOon, which is exposed on one of the 'clover leaves'. This anticOOon is 

complementary to a cOOon of mRNA. The enzyme catalysing the formation of the amino acid­
tRNA complex 'recognizes' only one type of amino acid and the corresponding tRNA. 
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tRNA-activating enzyme, enzyme-substrate specificity and the role of ATP 
Each of the amino acids is attached to the .3' terminal of its specific tRNA molecule bya tRNA­
activating enzyme. Remember, this enzyme is specific to the particular amino acid, as well as to a 
particular tRNA molecule. This specificity is a property of the strocture of the enzyme's active site. 
The structure of a tRNA molecule and the steps to amino acid activation are shown in figure 7.13. 

• A specific amino acid and a molecule of ATP bind to a tRNA-activating enzyme. The amino 
acid is activated by hydrolysis of ATP and the bonding of AMP (adenosine monophosphate) 
P-Piisreleased. 

• The tRNA specific to the amino acid binds to the active site of the enzyme. 

• The amino acid binds to the attachment site on the tRNA, and then the AMP is released 

• Then the activated tRNA with attached amino acid is released from the enzyme 

Ribosomes - the site of protein synthesis 
A ribosome consists of a large and a small subunit, both composed of RNA (known as rRNA) 
and protein (Figure 7.14). Within the ribosome are three sites where the tRNAs interact 

• A site - the first site. Here, a cOOon of the incoming mRNA binds to specific tRNA- amino 
acids through its anticOOon (complementary base pairing). 

• P site - the second site. Here, the amino acid attached to its tRNA is condensed with the 
growing polypeptide chain by formation of a peptide linkage. 

• E site - the third site. Here, the tRNA leaves the ribosome, following transfer of its amino 
acid to the growing protein chain 
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The use of molecular visualization software to observe the structure of a 
ribosome and tRNA 
Images of the three-dimensional molecular structure of biological molecules can be accessed via 
'The protein data bank' (PDB): v.ww.rcsb.org/pdh!home/home.do 

Alternative sources are Proteopedia: http:h"proteopedia.orglwikifrndu.php/Main_Page 
Bioinformatics: http:Nbioinformatics.orglfirstglancelfgijlindex.htm 

Figure 7.15 shows a eukaryotic ribosome and tRNA. Images may be downloaded and 
investigatedusingJmol 

• Figure 7.15 Computer simulation of a eukaryotlc ribosome and tRNA molecule, obtained by molecularvlsuallzatlon software 

, Ex.plain in which type of RNA you woold expl'Ct to find a) a codon and b) an anti codon 

• The cycle of events by which a polypeptide is assembled 
Initiation of translation 
Translation begins when an mRNA molecule binds with the small ribosomal subunit at an 
mRNA binding site. This is joined by an initiator tRNA (to which the amino acid methionine is 
attached) at the start codon 'AUG'. This is followed by the attachment of a large ribosomal unit. 
The initiator tRNA occupies the P site in the as.sembled ribosome. 

Now, the next codon of the tRNA, present in the A site, is available to a tRNA with the 
appropriate anticodon. Its arrival brings two activated amino acids (in sites P and A) into a 
position and a peptide bond forms between them by condensation reaction. The reaction is 
catalrsed by enzymes present in the large subunit. A dipeptide has now been formed 

10 Drawand labeltheslrll(lureofapeptidel inkagebetweentwoaminoacids 

Elongation of the peptide 
The ribosome mo..-es three bases along the mRNA. In the process, the tRNA in the P site moves 
to the E site, and is released. This mo..-ement of the ribosome also brings the next codon to 

occupy the now vacant A site - allowing a tRNA with the appropriate antic:odon to bind to that 
codon. This, in tum, brings a further amino acid to lie alongside and, while these amino acids 
are held dose together, another peptide bond is formed. In this way, the ribosome progres.ses 
along the mRNA molecule in the 5'-+3' direction, codon by codon. By these steps, constantly 
repeated, a polypeptide is formed and emerges from the large subunit (Figure 7.16) 
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• Flgure 7.18 
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Termination of translation 
Eventually a 'stop' ccxlon is reached. This takes the form of one of three codons - UAA, UAG 
or UGA. At this point, the completed polypeptide is released from the ribosome into the 
cytoplasm. Disassembly of the comp:ments of the ribosome follows termination of translation. 

• Po lysomes 
It is common for several of the free-floating ribosomes to move along the same mRNA strand at 
one time. The resulting structure (mRNA, ribosomes and their growing protein chains) is called 
apolysome(Figure7.17). 
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• Post -translational modification of protein 
When a protein exits from translation at a ribosome, it may take up its active three-dimensional 
shape and be functional immediately. For example, it may be active as an enzyme in the 
cytoplasm in some essential and continuOll'l biochemical pathway. On the other hand, many 
proteiru are produced in the form of inactive precursors, which require processing steps. These 
steps occur after translation and, so, are known as post-translational modifica tions (Figure 7.18). 
In fact, it is often important for proteins to become active only at particular sites. For 
example, the protein-digesting enzyme trypsin is produced in the pancreas in an inactive form 
(trypsinogen) which does not digest the proteins of the pancreas cells in which it is formed. 
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The roles of free ribosomes and those of rough endoplasmic reticulum 
The free ribosomes, present in large numbers in the cytosol of the cell, synthesize the huge 
range of proteins that are used within the cell. However, proteins are also formed in cells for 
export - to be secreted outside the plasma membrane. These proteins exclusively originate in 
ribosomes attached to the endoplasmic reticulum and are transported in tiny \"esicles budded 
off from the RER (see Figure 1.26, page 23). Vesicles containing polypeptides may fuse with the 
plasma membrane for subsequent secretion. Alternatively, they may fuse with other membranous 
organelles within the cytoplasm, such as the Golgi apparatll'i or lysosomes, where proteins are 
also required. 

• Protein synthes is in prokaryot es 
The steps of protein synthesis in prokaryotes are very similar to those in eukaryotes, but 
prokar)Ute ribosomes are characteristically smaller than those of eukaryotes (page 28). Another 
difference between eukar)Utes and prokar)Utes is that, in the latter, there is no (nuclear) 
membrane between the chromosome, where mRNA is formed, and the cytoplasm. So, here, 
protein synthesis can begin immediately the mRNA is released. In eukar)Utes the mRNA is 
typically modified (Figures 7.8 and 7.12) before it passes out of the nucleus via pores in the 
nuclear membrane and is exposed to the ribosomes. 

Jlllll!ll!ll!ll:1111 Developments in scientific research follow improvements in computing 

• Development of the new discipline of bioinformatics 
Bioinformatics is the storage, manipulation and analysis of biological information via computer 
science. At the centre of this development is the creation and maintenance of databases 
concerning nucleic acid sequences and the proteins derived from them 

Every individual has a unique proteome (page 92). The proteome is the entire set of proteins 
expressed by the genome of the individual organism. Since the genome, the whole of the genetic 
information of an organism, is unique to each individual, the proteome it causes to be expressed 
is also unique. Proteomics is the study of the structure and function of the entire set of proteins 
of organisms. It is a development within bioinformatics. 

As an off-shoot of the Human Genome Project (page 135), the genomes of many prokaryotes 
and eukaryotes ha\"e been sequenced, as well as that of humans. The use of computers has 
enabled scientists to make ad~.inces ,uch as locating genes within genomes. This huge volume 
of data requires organization, storage and indexing to make practical use of the subsequent 
analyses. These task.I involve applied mathematics, informatics, statistics and computer science 

• Proteins 

Amino acids - the building blocks 
We ha'"e seen how proteins are initially built up by condensation reactions between amino acids, 
taking place within ribosomes. 

The structure of amino acids was introduced in Chapter 2, page 90. The reactive or 
functional groups of the amino acid molecule are the basic amino group (- NHz) and the acidic 
carboxyl group (- CXX)H), both attached to the same carbon atom (Figure 2.30, page 90). 
It is these groups that participate in the condensation reactions that form peptide bonds, linking 
amino acid residues in polypeptides and proteins 

The remainder of the amino acid molecule, the side chain or -R part, may be very variable. 
Something of the variety of amino acids is shown in Figure 7.19. While amino acids have the 
same basic structure, they are all rather different in character, because of the different R groups 
they carry. Categories of amino acids found in cell proteins are 

• acidic amino acids, having additional carboxyl groups (e.g. aspartic acid) 

• basic amino acids, having additional amino groups (e.g. lysine) 

• amino acids "ith hydrophilic properties (water soluble) ha'"e polar R groups (e.g. serine) 

• amino acids "ith hydrophobic properties (insoluble) have non-polar R groups (e.g. alanine). 
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The combining together of different amino acids in contrasting combinations produces proteins 
with very different properties. The amino acid residues of proteins affect their shape, where they 
occur in cells and the functions they carry out. 
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There are four levels of protein structure, each of significance in biology. 

• The primary structure of a protein is the sequence of amino acid residues linked by peptide 
linkages. Proteins differ in the nuiety, number and order of their constituent amino acids. 
We have seen how, in the living cell, the sequence of amino acids in the ix>lypeptide chain is 

controlled by the coded instructions stored in the DNA of the chromosomes in the nucleus, 
mediated via mRNA. Changing just one amino acid in the sequence of a protein alters its 
properties, often quite drastically. This sort of mistake arises by mutation (page 132) 

• The secondary structure of a protein deYelops when parts of the !X)lypeptide chain take up 
a particular shape, immediately after formation at the ribosome. Parts of the chain become 
folded or twisted, or both, in various ways. 

The most common shapes are formed either by coiling to produce an alpha helix or 
folding into beta sheets (Figure 7.20). These shapes are permanent, held in place by hydrogen 
bonds. 

• The tertiary structure of a protein is the precise, compact structure, unique to that protein, 
which arises when the molecule is further folded and held in a particular complex shape. 
This shape is stabilized by interactions between R groups, established between adjacent 
parts of the chain (Figure 7.21). The primary, secondary and tertiary structure of the protein 
lysozyme is shown in figure 7.22. 

• The qua ternary structure of protein arises when two or more !X)lypeptide chains or 
proteins are held together, forming a complex, biologically acti\"e molecule. An example is 
hemoglobin, consisting of four ix>lypeptide chains, held around a non-protein heme group 
(known as a prosthetic group), in which an atom of iron occurs (figure 7.23). 
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Polar and non-polar amino acids in proteins 
Amino acids with p:,lar R groups have hydrophilic properties. When these amino acids are built 
into protein in prominent positions they may influence the properties and functioning of the 
proteins in cells. Similarly, amino acids with non-p:,lar R groups ha'"e hydrophobic properties 

Examples of these outcomes are illustrated in Figures 7.24 (for cell membrane proteins) and 
7.25 (for an enzyme that occurs in the cytoplasm) 

plasma membrane (fluid mosaic modeQ 
(diagrammatkcmso;.Sl'CoonalW'w) 

positiooofnon·polararninoacidNtsidu•positionol~ lno11<~ 
(makebulkofproteint-.,,drophobic - (makesurfaceofproteinh)drop!",lic -
compatiblewithhydrocartJontailof thispartofproteinmoleruH'pro!n,cJes 
phospho'ipidmoleruH'Sofbilayef) ori,exposedtoc)'tosol) 

SuperoxidedismutaHisan 
eozymecommontoal cejis ­
breakingOOWllsupemxideionsas 

::'tie"~I~"";,\~~ 
fu,Jfderuleisapproximately 
"1UCl'f-shaped.wrthacti ..... ,ite 
centra lly placed 

position ot amonoacid~=-= ~°F'- J "----> 
"-'Sidueswithnegatively 
charged Rgroups 
(repelnega!Nelfffi,)(ged 
s.uperoxideions) 

e7- =c:7'j-- l""itionofamiooadd 
resid\.eSwithpositively 
charged Rgroups(atlfact 
fll'9ilwelym.:wgedsupe,orne 
ionstoenzymeacti.,...,ite) 

activesiteofenzyme {fom>scomplex 
withsuJ)l'mxideionsasitdisablesthem) 



342 7 Nucleic acids 

• Flg ure7.26 

Collagen-example 

of a fibrous protein 

Fibrous and globular proteins - contrasting tertiary structures 
Some proteins take up a tertiary structure that is a long much-coiled chain; these are called 
fibrOll'l proteins. They have long, narrow shapes. Examples of fibrous proteins are collagen, 
a component of bone and tendons (Figure 7.26), and keratin, found in hair, horn and nails. 
Fibrous proteins are often insoluble. 

thechemicalbasisofthe 
strength of collagen 

three Jong 
polypeptide 
molectks.coill'd 
toge!heftolorm 
a triple helix 

ew.r"jthifdamooo 

~l~~~~~the 
:~.~"!.,U-:c~ther 
aremostlyprrniro:, 
andh)droxyproli r>e 

cova lent bonds 
form between 
lhepolypepbde 
cha ins - together 
~manyh)'l,ogen 

Other proteins take up a tertiary structure that is more spherical, and are called globular 
proteins (Figure 7.27). They are mostly highly soluble in water. Enzymes, such as lysozyme 
and catalase, are typical globular proteins. Some of our hormones are globular proteins, too, 
includinginsulin(page92). 

In sulin isahorrroneproduc:ed in the ~cellsoftheisletsofLlnge,haosin 
lhepancreasbyribosomesofthemuif>endoplasmicreticulJm(RER)asa 
polypeptideof102amiooacid,esichp;{preproinsulin) 

NH,• signalJll'Ptidepartol 
molerule(directspeptode 
into lumen of ER) 

posr-rramlaoora/modifCaoon.<by 
enzyme,jnfRaOOGolgi;,ppatalU< 

'"""'"'"'"6 
- tfansportedlmmERtoGolgiapparatus 

corwe,tedto invesides(seefigu. reU7.page24) 
pmimU in S- S in Golgi apparal'U5 

C pmiosulinstab<lizl'd 

s-s bydisulfulebonds 

;~.:~ch~n 
preproinsulin proinsulin 

• Flg ure7.271nsulln,aglobularproteln 

iosuintakesupitstertiary 

globular protein 

IS-SI 
s-s 

B<hain Actlain 

U Outlin e thr1.>e way,; in which membrane proteins are important to the functioning ol l cell 



• Examination questions -
a selection 

Questions 1-4 are taken from 1B Diploma 
biology papers. 

Q1 What is the distinction between highly repetitive 
DNA sequences and single-copy genes? 
A The highly repetitive sequences have greater 

amounts of guanine. 
B The highly repetitive sequences have greater 

amounts of cytosine. 
C The highly repetitive sequences are not 

transcribed. 
D The highly repetitive sequences are not 

replicated. 
Higherleve/Paperl, 1lmeZooe2,May09,Q26 

Q2 What is a nucleosome? 
A A region in a prokaryotic cell where DNA is 

found 
B A DNA molecule wrapped around histone 

proteins 
C A ribosome of a prokaryotic cell 
D A molecule consisting of a sugar, a base and a 

phosphate 
Higher level Paper I, TimeZooel, May 12, Q25 

Q3 What is the function of the tRNA activating 
enzyme? 
A It links tRNA to ribosome,. 
B It links tRNA to mRNA. 
C It links tRNA to a specific amino acid. 
D It links an amino acid on one tRNA to an 

amino acid on another tRNA. 
Higherleve/P;;per I. TimeZone I. May09, Q25 
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04 The diagram below shows the process of 
transcription 

a Label the senseandantisensestrands. (1) 
b Draw an arrow on the diagram to show where 

the next nucleotide will be added to the 
growing mRNA strand. (1) 

HigherleW!I Paper I. rime zone I, May 12. Qlciandii 

Questions 5-10 cove r other syllabus issues in this 
chapter. 

QS a State the function of the following enzymes 
related with the process of duplication: 

Q6 

i DNA polymerase I 
ii DNA ligase 
ii i RNAprimase 

Outline the relevance of post transcriptional 
processes in the removal of introns from a 
pre- mRNA molecule. 

07 a State which amino acid 'Nill be translated by 
the following tRNA molecules: 
i CALI 
ii UCC 

(3) 

12) 

ii i AGA (3) 
b Explain the relationship between transcribed 

genes. proteins and a functional enzyme. (4) 
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QS a State the tw o types of organic molecules that 
form the bulk of chromosomes of eukaryotes, 
and their approximate proportions. (3) 

b Suggest why the complex structura l packaging 
of these molecules in chromosomes may be 
essential in the nucleus. (2) 

Q9 a 'DNA replication is semi-conservative and 
occurs in the 5' ...+3' direction.' Explain the 
meaning of this statement. (3) 

b By means of a fully annotated diagram, 
outline the steps to replication at a replication 
fork, making explici t the role of each of the 
essential enzymes. (6) 

Q10 a Proteins are essential components of 
organisms. Describe the key property of the 
proteins specifically involved in: 
i biologicalcatalysis 
ii movement driven by muscle fibres 
iii structural support 
iv the movement of molecules across 

membranes. (4) 
b Outline the differences between the secondary 

and tertiary structures of proteins. (4) 
c Identify the types of bonds that maintain the 

tertiary structure of protein. (5) 



- Metabolism, cell respiration and 11.:J photosynthesis 

• Fi gures., 

anabolism + 

catabollsm 

• Metabo lic reactions a re regula ted in response to the cell's needs. 
• Ene rgy isconvertedtoa usable fo rm in cell respira tion. 
• Light ene rgy is converted into che mical energ y. 

8 .1 Metabolism - metabolic reactions are ,e9u1ared in response to the 
cell's needs 

Many thousands of chemical reactions take place within cells and organisms (figure 8.1). 
The molecules involved are collectively called metaOOlites or intermediates. Some are concerned 
in the formation of complex cellular components, including proteins, polysaccharides, lipids, 
hormones, pigments and many others. Others are molecules in the course of being broken down 
with the transfer of energy, including to the energy-currency molecule, ATP (page 115). Many 
metabolites are made in organisms but others are imported from the environment - for example, 
nutrients from food substances, water, and the gases carbon dioxide or oxygen 

si~ler C<Jlr4lOllnds, 
e.9. iJlOfganicmolecules 
co,+H,o.1orn 

• Metabo lic pathways - chains and cycles of metabo li c react ions 
Metabolism consists of series of reactions in which the pnxluct of one reaction is an 
intermediate of the next , and so on. Many pathways consist of straight chains (that is , linear 
sequences) of reactions, whilst others are cyclic processes (Figure 8.2). We shall be seeing 
examples of both types of metabolic. pathway within the reactions of respiration - a catabolic 
process (page 351) - and photosynthesis, an anabolic process (page 360). 

In this chapter the focus is on respiration and photosynthesis - both aspects of metabolism 
that have traditionally been summarized in single equations 

• Cellularrespiration 

glucose + oxygen -+ carbon dioxide + water + ENERGY 

C6Hu06 + 6C\ -+ 6C02 + 6Hp + ENERGY 

• Photosynthesis 
carbon dioxide + water + ENERGY -+ glucose + ox~-gen 

6C02 + 6Hp + 8'1ERGY-+ C6H1p 6 + 6(\ 
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a ;mabolk:reaction, 

'"" 
reaction,,md 
give one example 
oleac:h 

At first sight, it seems that the one process is simply the reverse of the other. In fact, these 
equations are merely 'balance sheets' of the inputs and outputs. Photosynthesis and respiration 
occur by different metabolic pathways, involving ,·ery many reactions in which each individual 
step is catalysed by a different enzyme. We start by looking further into the way enzymes work 

HowlflO(hof,,..,taboliteCiscoovertedto 
Xo,toDdepe!ldsootherelativeamooots 
ofenzymesc,ar<!c,,andhowreadity 
eac:hformsitseozyme---substratecompiex. 

0 metabolic 

;::;;::;~·""', ' 

_r~~-~ d;' 
~ ' (substrate of pathway 

enzyme~) 

• Rg ure 8. 2 Some metabolic pathways and the roles of enzymes 

• Enzymes and activation energy 
In an individual metabolic reaction, the starting substance is called the substra te and it is 
conwrted to the product. An enzyme works by binding to the substrate molecule at a specially 
formed pocket in the enzyme - the active site (page 94). So we visualize an enzyme (E) as a 
large molecule that "Urks by reacting with another compound or comixrunds, the substrate (S). 
Initially, a short-lived enzyme-substrate complex (ES) is formed at the active site. This unstable 
complex exists only momentarily - it is a transitional state. Almost instantly, the product (P) is 
formed and the enzyme is released unchanged. The enzyme immediately takes part in another 
reaction. We represent this reaction as follows: 

E+ S--+[ES]--+P+ E 

Energy is released when 'substrate' becomes 'product'. Howewr, to bring about the reaction, a 
small amount of energy is needed initially to break or weaken bonds in the substrate, bringing 
about the transitional state. This energy input is called the activation energy (Figure 8.3). It is 
a small but significant energy barrier that has to be overcome before the reaction can happt'n. 
Enzymes work by lowering the amount of energy required to activate the reacting molecules 

Another model of enzyme catalysis includes a boulder (substrate) perched on a slope, 
prevented from rolling down by a small hump (representing activation energy) as in 
Figure 8.3. The boulder can be pushed over the hump, or the hump can be dug away 
("' lowering the activation energy), allowing the boulder to roll down and shatter at a lower 
leve\(givingproducts). 

• Enzyme inhibitors 
The actions of enzymes may be inhibited by other molecules, some formed in the cell and others 
absorbed from the external environment. These substances are known as inhibitors, since their 
effect is generally to lower the rate of reaction. 
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Studying the effects of inhibitors has helped our understanding of: 

• the chemistry of the acth.: site of enzymes 

• the natural regulation of metabolism and which pathways operate 

• the ways certain commercial pesticides and drugs work, namely by inhibiting specific 
enzymesandpreventingparticularreactions. 

'boulduonhiHside' modelofactivationenergy 

effectolcatalyst 

freeene,gychange 

Example: 

sucrose + water - --> gl lKDSe + fructose 

• Fl gure8.3Actlvatlonenergy 

For example, molecules that sufficiently resemble the substrate in shape may compete to occupy 
the active site. These are known as competitive inhibitors. The enzyme that catalyses the 
reaction between carbon dioxide and the acceptor molecule in photosynthesis is known as 
ribulose bisphosphate carboxylase (RuBisCo, page 366) and is competitively inhibited by oxygen 
in the chloroplasts. 

Because competitive inhibitors are not acted on by the enzyme and turned into prOOucts, as 
normal substrate molecules are, they tend to remain attached. However, when the concentration 
of the substrate molecule is raised to a sufficiently high level, the inhibitor molecules are 
progressivelydisplacedfromtheacth.:sites. 

Alternatively, an inhibitor may be unlike the substrate molecule, ~·et still combine with 
the enzyme. In these cases, the attachment occurs at some other part of the enzyme, probably 
quite close to the active site. Here, the inhibitor either partly blocks access to the active site 
by substrate molecules, or it causes the active site to change shape and so be unable to accept 
the substrate. These are called non-competitive inhibitors, since they do not compete for the 
acth.:site. 

Adding excess substrate does not overcome their inhibiting effects - effectively the action is 
non-reversible (Figure 8.4). Cyanide ions combine with cytochtome oxidase but not at the active 
site. Cytochrome oxidase is a respiratory enzyme present in all cells, and is a component in a 
sequence of enzymes and carriers that oxidize the hydrogen removed from a respiratory substrate 
suchasglucose,formingwater. 
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Competltlveandnon­
compeUtlve lnhlbltlon 
ofenzymescomp.ued 

• RgureS.4 
Competltlveandnon­
competlUvelnhlbltors 

Distinguishing different types of inhibition from graphs at specified 
substrate concentration 
Features and examples of competitive and non·competitive inhibition of enzymes are set out in 
Table8.l 

Competitive Inhibitors 

chemic:a llyresemblethesubstratemok>c:uleand 
occupy(bloc:k}theactivesi te 

atlowrnncentrabon.increasingrnncentfalionof 
1ubstrateeventuallyover{omes inhibitionassub1trate 
mok>c:ule1displac:einh ib itor 
Examples 
• o,rnmpetingwithCO,fOfactive1iteofRuBisCo 
• m.ikmate competing with sucdnate for the active 

siteofsuccinatedehydrogenase 

E:caminethegraphinFigureB.4carefully. 

Non-competitive Inhibitors :~~:~~:her parts of the efllyme. other than the 

arechemic allyunl ikethesubstr.itemolerule.but re..ct 
withbulkofenzyme.eitherredudng.iccessibilityof 
adivesite.ordistortinq thes.hapeoftheac:tivesite 
at low rnocentration.iocreasingrnn{entrationof 
substratecannotpreventbinding - ,;ome inhibition 
remaimath Jghsubstraternncentratkm 
Examples 
• cyanideionsbkx:kingcytochmmeoxidasein 

terminaloxid.itionince llaerobkrespiralion 
• nervegasSarinblockingacetylcholine1ter.11ein 

s napsetrammission 

You can see that, when the initial rates of reaction of an enzyme are plotted ag-.i.inst 
substrate concentration, the effects of competitive and non·competiti\·e inhibitors are dearly 
different. 

1\/hentheinitialratesofreactionofanen,:ymearel)lottedagair,st 

~7:i:::c=~~~~ofcompetitiveandnrn"illmpetitive 

ma;Qmumrate 
olen,:yme..:atalj,,;edreaction 

0
w.;,,·o·"""'"";s;,o, 
:~:::/ competitiv• 

subltrateand inhirnl<lf 
competefo<iKl!vesrtes.so 
excesssubstrate0Ye1Comes 

r ::::,000-oom,•;,.,. 
~~:::•~notcon-.,etefc. 
activesites.soexcesssubs!Jate 
1<ill not!M'fcom:,.-.hbton 

• An investigation of the initial rate of reaction of the enzyme 
catalase in the presence and absence of heavy metal ions (Cu2+) 

2 Explain why The enzyme catalase catalyses the breakdown of hydrogen peroxide 

~~;i~0i:teim lHPi ~ 2Hp + C\ 
th.it are enzymes Cata lase occurs very widely in cells. This enzyme functions as a protective mechanism for the 
is important in delicate biochemical machinery of cells . Hydrogen peroxide is a common by-product of some of 
enzyme action the reactions of metabolism and it is a very toxic substance (being a pcM'erful oxidizing agent, 

-~--- page JSZ). Catalase inactivates hydrogen peroxide as soon as it forms, before damage can occur. 
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In practical terms, the rate of an enzyme-catalysed reaction is taken as the amount of 
substrate that has disappeared from a reaction mixture, or the amount of prOOuct that has 
accumulated, in a periOO of time. For example, working with catalase, it is convenient to 

measure the rate at which the prOOuct (oxygen) accumulates. In this experiment, an indication 
of the volume of oxygen that was released at ha\f.minute intervals was recorded at each substrate 
concentration. 

When these 'raw' results for each concentration of hydrogen peroxide were ploned on a 
graph, it was found that , over a period of time, the initial rate of reaction was not maintained; 
rather,itfelloffquitesharply. Thisistypicalofenzymeactionsstudiedoutsidetheirlocation 
in the cell. The reduction in rate can be due to a number of reasons, but maa commonly it is 
because the concentration of the substrate in the reaction mixture has fallen. Consequently, it is 
the initial rate of reaction that is determined. This is the slope of the tangent to the curYe in the 
initial stage of reaction. How this is calculated is shown in Figure 2.41 (page 100) 

Lx>k ar thii accoum of how an inirial reaction rare is caku/a1ed now. 
The apparatll'l used is illustrated in Figure 8.5 and the reaction mixtures used in this 

experiment are tabulated below. Note that· 

I A yeast suspension was used as the ilO\Jrce of the enzyme. The number of bubbles released at 
half-minute intervals was counted and recorded, for six minutes, with each reaction mixture 
(The initial rll'lh of bubbles when the ~·east was injected was discounted. The depth of the 
bubble nozzle was the same in each experiment.) 

2cm3 syringetohold 
yeast suspension 

bungcut inhatf toallow 
,,,.;r,.geneedletopenetrate 
,;ghtthrough 

boil ing tube 

?n1:'a1~zz7:'t'mm 
incll,.......,te, 

2 The concentration of a hydrogen peroxide solution is given as the volume of oxygen that 
can be released. For example, a 20-volume solution will, when completely decomposed, give 
20 times its own volume of oxygen 

3 A duplicate investigation was carried out in the presence of a dilute solution of copper 
(Cu1+)ions. 
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The reaction mi.trures used and rhe resulu obrained are shoom in Tables 8.1 and 8.3. Examine them 
andrhenanswerquestian3. 

: : : ~!~::nE:~: ~~:. ~ :~: ~i~l'd- w- , -,"-(,m~ ' l--------~----~--~----~----~---

catalysed reactlon ~,::c,.=,.cc, C:C, c',,'cm,i'-( ~~c:c-- -cc~--'cc--,'c-- --.,.:C-- ~ -­
(Ol)CentrabonolH,o, 

• Table8.3 Effectol 
subst rateonenzyme­
catalysed reactlon 
In presence of heavy 
metal Ions 

l a construct a 
graph showing 
the initial rates 

the enzyme 
catalaseover 
the substrate 
concentration 
rangeof4- 14 
volhydrogen 
peroxide in the 
presence and 
absence of heavy 
me tal iom 

(vol) 

yeast~spemicm 
initial rate ol reac~on 
(bubbles/30s) 

Expt 
distilll'dwater(cm') 

0.1Mrnpper(Cu'*) 
:;olutkm(cm') 
20-volHO (cm') 

rnncentratkmolH,o, 
(vol) 

ye<11tsu1pen1ion 
initial rate of reac~on 
(bubbles/30s) 

• Allosteric reg ulation of enzymes 
Allosteric regulators are molecules that change the shape and activity of an enzyme by reversibly 
binding at a site on the enzyme, typically some distance from the acth·e site. Binding of an 
allosteric activator temporarily stabilizes the enzyme shape as an active and effective catalyst 
Binding of an allosteric inhibitor changes the enzyme shape into an inactive form. 

We can see allm;teric regulation as a form of revers ible, non-competith"e inhibition 
or activation of an enzyme. Subtle fluctuations in the concentrations of activators and 
inhibitors may fine-tune the activity of a critical pathway as constantly changing conditions or 
requirements of cell metabolism demands. 

b Explaln towhat 
extentthisd<ita 
supports the 
hypoth~s that End-product inhibition 

~;::~;;~ea ~:~~~~~=li:ti~~~::}~;:e:~~:~:::a~:t~: i:tb::~~:i~:~ ~:::t;.acting as a 

enzyme that In end-product inhibition, as the product molecules accumulate, the steps in their production 
decomposes are switched off (Figure 8.6). But these product molecules may now become the substrates in 
hydrogen subsequent metabolic reactions. If so, the accumulated prOOuct molecules will be removed and 

__ P_•m_,kle ___ production of new prOOuct molecules will recommence 

ritgulati on ofa m•tabolic pathway by • nd·prcductinhibiti on 

enzyme a by 
theef1d.product 

rr<>lecu~--------~-----------------~ 

~.~.~ T ' 
~bltrate/A--'-~ a --' -~ C --' -~ O --' -~ ' --'--•1 
rr<>lecu~ intermedia te pmducts 

of the metabolic pathway 
..,,0.prnd\lCI 

This is an example of the n>gutation of a metabolic pathway by negativ. feedback 

• Rgure8.6 End-productlnhlbltlon 
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\i) • Enzyme inhi bitors as anti-malarial drugs 

Malaria, a major world health problem, is caused by Plaimodium (a protoctistan) which is 

transmitted from an infected person to another by blood-sucking mosquitoes of the genus 
Anopheles. Within the human host, the parasite mainly feeds on the contents of red blood cells 

Several anti-malarial drugs currently in use are based on derivatives of quinine, such as the 
drug chloroquine. How do !hey U'orki 

The parasite feeds by digesting the protein part of hemoglobin (Figure 7.23, page 340) within 
the red cell it has invaded. This releases amino acids for its own growth and metabolism. The 
residual heme is potentially toxic to Plasmodium, so the parasite converts heme into a harmless 
insoluble precipitate. ChlorCXJuine specifically inhibits the P!asmodium enzyme that is involved 
in this conversion. Now, free heme accumulates within the cell and the parasite is killed. 

A second type of drug inhibits a specific P!a.smodium enzyme im·olved in DNA replication 
and growth 

111!1111!1111111 Developments in scientific research fo llow improvements in computing 

Bioinformatics - the role of databases 
TOOay, the Plasmodium parasite is increasingly developing resistance to these existing anti­
malarial drugs. The search is on in laboratories worldwide for molecules that will be effecth·e 
agents against the parasite, but which will be harmless to the patient. For example, anti-malarial 
drugs that target specific protein- protein interactions by which blood cells are attacked are 
sought, as are other inhibitors of enzymes unique to the parasite's metabolism. The approaches 
totheproblembyresearchteamsinclude 

l testing of commercially available drugs that have been approved for human use for other 
diseases 

2 chemical modification of current anti-malaria\s, for example by combining existing less­
effective drugs to prOOuce hybrid molecules with enhanced impacts 

3 molecular modelling of target enzymes in Plasmodium and computer design of molecules that 
mayspecificallyblocktheiractivesites 

4 the application of theoretical molecular chemistry by screening of databases for new 
compounds with the potential for anti-malarial activity, followed by their further testing and 
possible drug trials. 

The work continues with great urgency. 

TOK link 
Many metabolic pathways have been described fo llowing a series of carefully contmlll.'d and repeated 
experiments. To what degree can looking at component parts give us knowledge of the who~? 

8.2 Cell respiration -energyisconve,tedtoausableformin 
eel/respiration 

In cellular respiration, the chemical energy of organic molecules, such as glucose, is made 
available for use in the living cell. Much of the energy transferred is lost in the form of heat 
energy, but cells are able to retain significant amounts of chemical energy in adenosine 
triphosphate (ATP, page 115). ATP, found in all cells, is the universal energy currency in living 
systems. ATP is a relatively small, soluble molecule. It is able to move, by facilitated diffusion, 
from the mitochondria where it is synthesized to all the very many sites where energy is required, 
such as in muscles for contraction mo\"ements (page 463), in membranes for active transport 
(page 44) and in ribosomes for protein synthesis (page 333) 

Howiienergyrransferredfromrespirawrysubsrrareslikeglucose! 
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• Flgure 8.7 

The stages of aerobic 

cellular respiration 

• Cell respiration invo lves the oxidation and red uction of 
compounds 

Glucose is a relatively large molecule containing six carbon atoms, all in a reduced state. During 
aerobiccellularrespiration,glucoseundergoesaseriesofenzyme·catalysedoxidationreactions 
and de.carboxybtion reactions (Figure 8.7). These reactions are grouped into three major phases 
and a link reaction: 

• glycolysis, in which glucose is converted to pyruvate 

• a link reaction, in which pyruvate is converted to acetyl coenzyme A (acetyl CoA). C01 is 
given off 

• the Krebs cycle, in which acetyl coenzyme A is converted to carbon dioxide 

• the electron-transport system, in which hydrogen that is removed in the oxidation reactions 
of glycolysis and the Krebs q.de is converted to water. The bulk of the ATP is synthesized 
here. 

stagesintissu• 
respiration 
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• Respiration as a series of redox reactions. 
The terms 'reduction' and 'oxidation' recur frequently in respiration. 

\'(i'hmdothesetem1smean! 
In cellular respiration, glucose is oxidized to carbon dioxide but, at the same time, oxygen 

is reduced to water (Figure 8.8). In fact, tis.st1e respiration is a series of oxidation- reduction 
reactions, so described because when one substance in a reaction is oxidized another is 
automatically reduced. The short-hand name for reduction-oxidation reactions is redox 
reactions. 

In biological oxidation, oxygen atoms may be added to a compound but, alternatively, 
hydrogen atoms may be !'<'moved. In respiration, all the hydrogen atoms are gradually removed 
from glucose. They are added to hydrogen acceptors, which are themselves reduced. 

Since a hydrogen atom consists of an electron and a proton, g-aining hydrogen atom(s) (a case 
of reduction) imulves gaining one or more electrons. In fact, the best definition of oxidation is 
the loss of electrons, and reduction is the gain of electrons. Remembering this definition has 
given countless people problems, so a mnemonic has been devised: 

OIL R IG= Oxidation Is Loss of electrons; Reduction Is Gain of electrons 

Redox reactions take place in biological systems due to the presence of a compound with 
a strong tendency to take electrons from another compound (an oxidizing agent) or the 
presence of a compound with a strong tendency to donate electrons to another compound 
(a reducing agent) 
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Another feature of oxidation and reduction is energy change. When reduction occurs, 
energy is absorbed (an endergonic reaction, Figure 2.7, page 67). When oxidation occurs, energy 
is released (an exergonic reaction). An example of energy release in oxidation is the burning 
of a fuel in air. Here, energy is given out as heat. In fact , the amount of energy in a molecule 
depends on its degree of oxidation. An oxidized substance has less stored energy than a reduced 
substance. Take, for example, the fuel molecule methane (CH_.) which we know has more stored 
chemical energy than carbon dioxide (C01). 

~ 
602 ------------- .- 6CO, + 6H,O + ENERGY 

oKidationinYDlves 
• addition of oxygen 

::::i·~~'"F" 
• release of energy 
~ 

• Ce llular resp iration 

Glycolysis 

reductioninvolvP< 
o,emovalofoxygeo 
oadd;tionolhydr'"Ff' 
• gainolelectrons 
• uptake of energy 

Glycolysis is a linear series of reactions in which a 6-carbon sugar molecule is btoken down to 
two molecules of the 3-carbon pyrm-ate ion (figure 8.9). The enzymes of glycolysis are located 
in the cytoplasm outside organelles (known as the cytosol), rather than in the mitochondria. 
Glycolysisoccursbyfourstages: 

• Phosphorylation by reaction with ATP is the way glucose is first activated, forming glucose 
phosphate. Phosphorylation of molecules makes then less stable, meaning more reactive. 
Conversion to fructose phosphate follows, and a further phosphate group is then added at the 
expense of another molecule of ATP. So, two molecules of All' are canmm<.'d per molecule of 
glucoserespired, a1thissiageofgfycclysis 

• Lysis (splitting) of the fructose bisphosphate now takes place, forming t'M> molecules of 
3-carbonsugar,called triose phosphate. 

• O xidation of the triose phosphate molecules occurs by removal of hydrogen. The enzyme for 
this reaction (a dehydrogenase) works with a coenzyme, niootinamide adenine dinucleotide 
(NAD). NAD is a molecule that can accept hydrogen ions (H') and electrons (e-). In this 
reaction, the NAD is reduced to NADH and W (reduced NAD) 

NAD' + ZH• + Ze- -+ NADH + H• (sometimes represented as NADH2) 

(Reduced NAD can pass hydrogen ions and electrons on to other acceptor molecules (see 
below) and, when it does, it becomes oxidized back to NAD.) 

• ATP formation occurs twice in the reactions by which each triose phosphate molecule is 
converted to pyrm-ate. This form of ATP synthesis is described as being at substrate level, in 
order to differentiate it from the bulk of ATP synthesis that occurs later in cell respiration -
during operation of the electron-transi:ort chain (see below). A5 two molecules of triose 
phosphate are converted to pyruvate, four molecules of ATP are synthesized ai this swge of 
glycolysis. So in total, there is a net ga in of two ATPs in glycolysis 

Once pyruvate has been formed from glucose in the cytosol, the remainder of the pathway of 
aerobic cell respiration is located in the mitochondria (singular, mitochondrion). This is where 
the enzymes concerned with the link reaction, Krebs cycle and electron transport chain are 
all located 
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• Rgure8.9 Glycolysls:asummary 
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Link reaction 

Pyruvate diffuses into the matrix of the mitochondrion as it forms and is metabolized there 
First, the ),carbon pyruvate is decarboxylated by remm11l of carbon dioxide and, at the same 

time, oxidized by removal of hydrogen. Reduced NAO is formed. The product of this oxidative 
decarboxylation reaction is an acetyl group - a 2-carbon fragment. This acetyl group is then 
combined with a coenzyme called coenzyme A (CoA), forming acetyl ooenzyme A (acetyl 
CoA). The production of acetyl coenzyme A from pyruvate is known as the link reaction 
because it connects glycolysis to reactions of the Krebs cycle, which now follow. 

NAO• 

Py,"""'> 
CoA 

Krebs cycle 

NAOH+H+ < iacetylCoA 
cc, 

The Krebs cycle is named after Hans Krebs who discOllered it, but it is also sometimes referred to 
as the citric acid cycle, after the first intermediate acid formed 

The acetyl coenzyme A enters the Krebs cycle by reacting with a 4 -carbon organic acid 
(oxaloacetate, OAA). The products of this reaction are a 6-carbon acid (citrate) and coenzyme 
A which is released and reused in the link reaction. 



• FlgureB.10 

Krebscyde:a 

8.2 Cell re ·ration 355 

The citrate is then converted back to the 4-carbon acid (an acceptor molecule, in effect) by 
the re~ctions of the Krebs cycle. These involve the following changes: 

• two molecules of carbon dioxide are given off, in separate decarboxylation reactions 

• a molecule of ATP is formed, as part one of the reactions of the cycle; as in glyoolysis, this 
ATPsymhesisisatsubstratelevel 

• three molecules of reduced NAO are formed 

• one molecule of another h)·drogen accepter, the coenzyme flavin adenine dinudeotide (FAD) 
is reduced (NAO is the chief hydrogen-carrying coenzyme of respiration but FAD has this 
roleinthe Krebscyde). 

The above details enable you to see what types of reaction are occurring and why. Remember, 
the names of the intermediate oomi:ounds in glycolysis and the Krebs cycle do not need to be 
memorized 

co, 

The,eareseve@lotherorgar,kaddintermediatesintheqdeootshownhere 

Steps in aerobic respiration involve decarboxylation aOO oxidation. Make a copy of the pathway 
of the link reaction and Kreb's cycle, and highlight where these types of reaction occur. 
Then look again at Figure 8.9. Are both of these types of reaction observed there, too? 

Because glucose is converted to two molecules of pyruvate in glyoolysis, the whole Krebs 
cycle sequence of reactions 'turns' twice for every molecule of glucose that is metabolized by 
aerobiccellularrespiration(Figure8.IO). 

Now, we are in a position to summarize the changes to the molecule of glucose that occur in 
the reactioru of glycolysis and the Krebs cycle. A 'budget' of the products of gl)=lysis and two 
turruoftheKrebscycleisshowninTableB.4. 
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Fats can be respired 

In addition to glucose, fats (lipids) are also commonly used as respiratory substrates - they are 
first broken down to fatty acids (and glycerol). Fatty acid is 'cut up' into 2-carbon fragments and 
fed into the Krebs q.de via coenzyme A. Vertebrate muscle is well adapted to the respiration 
of fatty acids in this way (as is our heart muscle), and they are just as likely as glucose to be the 
respiratory substrate. 

The electron transport chain 
Terminal oxidation and oxidative phosphorylation 

The remov-al of p11.irs of hydrogen atoms from various intermediates of the respiratory pathway 
is a feature of several of the steps in glycolysis and the Krebs cycle. On most occasions, oxidized 
NAO is conwrted to reduced NAO but, once in the Krebs cycle, an altematiYe h)'Urogen­
acceptor coenzyme, FAD, is reduced 

In the final stage of aerobic respiration, the hydrogen atoms (or their electrons) are 
transix>rted along a series of carriers, from the reduced NAO (or FAD), to be combined with 
oxygen to form water. Oxygen is the final electron acceptor. 

electrornpas~from 

when<edocedf'ADisoxidized. 3ADP+ 3P; 
oolytwomoleculeso/ATParefonned 

in n,spi@tioo. 
e.9 . frnmthe 
,espi.alioool 

~~~""'· 

6 Suggest howthe absenceofoxygeninre1piring ti1suemight"switchoff"baththeKreb1c)'(le and 
te1minaloxid.itKln 

A;; electrons are passed between the carriers in the series, energy is released. Release of energy 
in this manner is controlled and can be used by the cell. The energy is transferred to ADP and 
P1, to form ATP. Normally, for ewry molecule of reduced NAO which is oxidized (that is, for 
e\"ery pair of h)'Urogens) approximately just less than three molecules of ATP are produced (but 
less when FAD is oxidized). The process is summarized in Figure 8.11 
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In total, the yield from aerobic respiration is 32 ATPs per molecule of glucose respired 
(Table8.5). 

g~olysis 

Krebs cycle 

Reduced 
NAD (or FAD) 

(substrate level) (net} - 2 
2 2 ~ 2.5 - S 

(substrate level) 

r
Pacad;gm,h;ft 

• Phosphorylation by chemiosmosis 
How could a miwch.ondrion US<' the energy thar ii made amilab/e in 1/w flow of ekcmm.s between 
carrier molecules w drive the synthesis of ATP! 

It was a biochemist, Peter Mitchell, who first suggested the chemiosmotic theory as the 
answer to this question, when he was at an independently fuOOed research institute in Cornwall, 
UK. This was in 1961; at the time he was studying the metabolism of bacteria. His hypothesis 
was not generally accepted for many years - his ideas were, in some ways , regarded as too novel. 
Today, we describe the revolution that Mitchel's ideas started as a paradigm shift in the field of 
bioenergetics. Two decades later he was awarded a Nobel Prize for his discovery. 

Chemiosmosis is a process by which the synthesis of ATP is coupled to electron transport 
via the movemfll.t of protons (Figure 8.12). The electron·carrier proteins are arranged in the 
inner mitochoOOrial wall in a highly ordered way. These carrier proteins oxidize the reduced 
coenzymes and energy from the oxidation process is used to pump hydrogen ions (protons) 
from the matrix of the mitochondrion into the space between inner and outer mitochondrial 
membranes. 

Here, they accumulate - incidentally, causing the pH to drop. Because the inner membrane 
is largely impermeable to ions, a significant gradient in hydrogen ion concentration builds 
up across the inner membrane, generating a potential difference across the membrane. This 
represents a store of potential energy. Eventually, the protons do flow back into the matrix, 
but this occurs via the channels in ATP synthetase enryme (ATPase), also found in the inner 
mitochondrial membrane. As the protons flow down their concentration gradient, through the 
enzyme, the energy is transferred as ATP synthesis occurs 

1 When ATP is synthesized in mitochondria. explain where the elec:trochemkal gradfent is set up. and in 
whidldirec:tionprotonsmove 

toJc Link 
Toebmethatelapsedlrompropo1alofthe{hemiosmotictheorytoitsgeneralacceptance illustratesthat 
peoplemaynotalways.ore.isily. acceptthataneartierhypothesi1mustberejec:tedwhenevidenceari1e1 
aga instit.andarise1forlnaltemativernncept.JohnSteinbeck(novelista!ldbiologist)putitthi1way 

'Therei1onegreatdiffirnltywithagoodhypothes.i1.Wheniti1rnmpletedandrounded.thernmer1 
1moothandthernntentrnhes.iYe.iti1likelytobecomeathinginitself.aworlolart...Onetiates 
tadi1turbit.Evenilsubsequentinformation1houldshootahofeinit.onetiatestotearitdown 
because it once was beau Mui and whole· John Steinbeck 

Doe5thisob5ervarionapplyinthis{a5e? 



358 8 Metabolism, cell respiration and photosynthesis 
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• The mitochondrion - structure in relation to function 
Once pyruvate has been formed from glucose in the cytosol, the remainder of the pathway of 
aerobic cell respiration is located in the mitochondria (singular, mitochondrion). This is where 
the enzymes concerned with the link reaction, Krebs qde and electron transport are all located. 

Mitochondria are found in the cytoplasm of all eukar)Utic cells, usually in very large 
numbers. The structure of a mitochondrion is investigated by transmission electron microscopy. 

in the electron The clarity of the resulting electron micrographs often makes possible a line drawing to show the 

_ m_, _rog_" _Ph __ ::!~s::i(~·;~r:u;.i;3~~~s~7:g~~:~~ ::::~t=t:hs~:ya~~;::7:~:t:~:~::d~ta:
0 

structure to function (Table 8.6). Of course, the mitochondrion is a three-dimensional structure. 
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Make a line drawing of a mitochondrion, showing its internal structure. Now annotate )OUT 

diagram to indicate the ways in which the structure is adapted to its function - using the 
informationinTable8.6. 

The locations of the stages of cellular respiration are summarized in Figure 8.14. 
The relationship between structure and function in this organelle is summarized in Table 8.6 
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• Flgure8.14 Thesltesofresplratlonlntheeukaryotlccell 

• Flgure8.1 5Electrontomographlc lmageofan 

actlvemltochondrlon 

El ectron tomography 
Electron tomography is used to produce three-dimensional images 
of the interior of actiYe mitochondria (Figure 8.15). The technique 
is an extension of transmission electron microscopy. This technical 
development established the dynamic nature of the cristae, since 
they are seen to resix>nd to changing conditions and demands of cell 
metabolism. 

• Respiration as a source of intermediat es 
We ha1.: seen that the main role of respiration is to provide a pcol 
of ATP, and that this is used to drive the endergonic reactions of 
synthesis. But the compounds of the glycolysis pathway and the 
Krebs cycle (respiratory intermediates) may also serve as the starting 
points of synthesis of other metabolites needed in the cells and 
tissues of the organism. These include polysaccharides like starch and 
cellulose, glycetol and fatty acids , amino acids, and many others. 

9 Dlstlngulsh betweenthelollowingpairs 
a substrate;mdinterll\l'diate 
b gl)'rnlysisandtheKreblcycle 
c oxidationandreduction 
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• Flgure8.16 
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8.3 Photosynthesis - lightenergy is conve, ted into ,hemicalenergr 

Just as the mitochondria are the site of reactions of the Krebs qde and respiratory ATP 
formation, so the chloroplasts are the organelles where the reactions of photosynthesis occur. 

Chloroplasts are found in green plants. They contain the photosynthetic pigments, along 
with the enzymes and electron·transport proteins, for the reduction of carbon dioxide to sugars 
and for ATP formation, using light energy. The detailed structure of chloroplasts is investigated 
with the transmission electron microscope. An electron micrograph of a thin section of a 
chloroplast shows the arrangement of the membranes within this large organelle (figures 1.24, 
pageZ3,and8.16). 

There is a double membrane around the chloroplast, and the inner of these membranes folds 
extensively at various points to form a system of branching membranes. Here, these membranes 
are called thylakoids. Thylakoid membranes are organized into flat, compact, circular piles 
called grana (singular, grnnum), almost like stacks of coins. Between the grana are loosely 
arranged tubular membranes suspended in a watery stroma. 

Chlorophyll , the photosynthetic pigment that absorbs light energy, occurs in the grana. 
Also suspended in the matrix are starch grains, lipid droplets and ribosomes. We shall see that 
the structure, composition and arrangements of membranes are central to the biochemistry of 
photosynthesis, just as the mitochondrial membranes are the sites of many of the reactions of 
aerobic cell respiration. 

• The reactions of photosynthesis 

grana(stereogram) 

tameHaeofthestrorna 

• ofthegrana 

<hklroph)'lpigmeotsa,ecoot.;l\l'd 
inthe graria.SM>dwichedbetweenll"(is 
and proteinsoftheth)'akoidmembrar.es 

Photosynthesis is a complex set of many reactions that takes place in illuminated chloroplasts. 
Biochemical investigations of photosynthesis by several teams of scientists have established that 
the many reactions by which light energy brings about the production of sugars, using the raw 
materials water and carbon dioxide, fall naturally into tl'U interconnected stages (Figure 8.17). 
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• The light-dependent reactions use light energy to split water (known as photolysis). 
Hydrogen is then removed and retained by the photosynthesis-specific hydrogen acceptor, 
known as NADP'. (NADP' is very similar to the coenzyme NAO· of respiration, but 
it carries an additional phosphate group, hence NADP.) At the same time, ATP is 
generated from ADP and phosphate, aim using energy from light. This is known as 
photophosphorylation. Oxygen is given off as a waste product of the light-dependent 
reactions. This stage occurs in the grnna of the chloroplasts 

• The light-independent reactions build up sugars using carbon dioxide. Of course, the products 
of the light-dependent reactions (ATP and reduced hydrogen acceptor NADPH + H+) are used 
in sugar production. This stage occurs in the stroma of the chloroplast. It requires a continuous 
supply of the products of the light-dependent reactions, bu t does not directly involve light 
energy (hence the name). Names can be misleading, however, because this stage is an integral 
part of photosynthesis, and photmynthesis is a process that is powered by light energy. 

We shall now look into both sets of reactions in tum to understand more about how these 
complexchangesarebroughtabout. 

---------- photosynthesis ----------

light·d•1Mndentreactions light-independ• nt .. adions 

·:::) •.• 
water~it 

ADP+P; -----•••••c::,O)~ 
co, reduced carbol"tjdrate 

• Fl gure8.17Thetwosetsof reactlonsofphotosynthesls,lnputs andoutputs 

• The li ght-dependent reactions 
In the light-dependent stage, light energy is trapped by photosynthetic pigment, chlorophyll 
Chlorophyll molecules do not occur haphazardly in the grana. Rather, they are grouped together 
in structures called photosystems, held in the thylakoid membranes of the grana (Figure 8.18). 

In each photosystem, several hundred chlorophyll molecules, plus accessory pigments 
(carotene and xanthophylls), are arranged. All these pigment molecules haTYest light energy of 
slightly different wavelengths, and they funnel the energy to a single chlorophyll molecule of the 
photosystem, known as the reaction centre. The chlorophyll is then photooctivated. 

There are two types of photosystem present in the thy\akoid membranes of the grana, 
identified by the wavelength of light that the chlorophyll of the reaction centre absorbs 

• Photosystem I has a reaction centre that is activated by light of wavelength 700nm 
ThisreactioncentreisreferredtoasP700. 

• Photosystem II has a reaction centre that is activated by light of wavelength 680nm 
This reaction centre is referred to as P680. 

Photosystems I and II have specific and differing roles, as we shall see shortly. However, they 
occur grouped together in the thylakoid membranes of the grana, along with proteins that 

-,,- ,-• • -,.-,-« --<-abl-, - function quite specifically. These consist of: 

components of 
photosystems,md 
them!eofe..c:h 

• enzymescatalysing 

O formation of ATP from ADP and phosphate (P1) 

C conversion of oxidized H-carrier (NADP') to reduced carrier (NADPH -+ H· ) 

_____ • electroncarriermolecules. 
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• Flgure 8.18 
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When light energy reaches a reaction centre, ground-state electrons in the key chlorophyll 
molecule are raised to an 'excited state' by the light energy received. fu a result , high-energy 
electrons are released, and these electtons bring about the biochemical changes of the light.­
dependent reactions. The spaces vacated by the high-energy (excited) electrons in the reaction 
centresarecontinuouslyrefilledbynon-excitedorground-stateelectrons. 

\Ve will examine !his sequrnce of reactions in tM two phoro~steins nen. 
First , the excited electrons from photosystem II are picked up and passed along a chain of 

electron carriers. fu these excited electrons pass, some of the energy causes the pumping of 
hydrogen ions (protons) from the chloroplast's matrix into the thylakoid spaces. Here, protons 
accumulate, causing the pH to drop. The result is a proton gradient that is created across the 
thylakoid membrane and which sustains the synthesis of ATP. This is another example of 
chemiosmosis(page357). 

fu a result of these energy transfers, the excitation level of the electrons falls back to ground 
state and they come to fill the rncancies in the reaction centre of photosystem I. You can see 
that electrons have been transferred from photosystem II to photosystem I. 

Meanwhile the 'holes' in the reaction centres of photosystem II are filled by electrons 
(in their ground state) from water molecules. In fact, the positively charged 'nicancies' in 
photosystem II are powerful enough to cause the splitting of water (photolysis). This event 
triggers the release of hydrogen ions and oxygen atoms, as well as ground-state electrons. 
The oxygen atoms combine to form molecular oxygen, the waste prOOuct of photosynthesis. 
The hydrogen ions are used in the reduction ofNADP'" (see below) 

Photophosphorylation 
In the grana of the chloroplasts, the synthesis of ATP is coupled to electron transix>rt via the 
movement of protons by chemiosmosis, as it was in mitochondria (Table 8.7). Here, it is the 
hydrogen ions trapped within the thylakoid space which flow out via ATP synthase enzymes, 
down their electrochemical gradient. At the same time, ATP is synthesized from ADP and P1• 
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We have seen that the excited electroru which provided the energy for ATP synthesis 
originated from water, and move on to fill the vacancies in the reaction centre of photosystem II 
They are subsequently moved on to the reaction centre in photosystem I, and finally are used 
to reduce NADP'". Because the pathway of the electrons is linear, the photophosphorylation 
reaction in which they are involved is described as non-cyclic photophosphorylation 

partofa<:hklroplast Photosy;temslandllworki11tar>dem - rPCeMnglightene,gv,!eteasi119excited 
eH'Ctr011Sandrepladnge;ochlortelectroobyDlll'inthegrnundstate(J)hotosy;temll 
eH'CtrOIIS come from split water; J)hotosy;tem I electrons Imm pOOtosy;tem m 

ATPsynthase 
(ATPase) 

~ ~...Lb::--.Jc"--~ d'-11:!:-\J''2::;14.LJ_-'---'sf--'----'--LLLLW-,-U...~ """'9'!'for ATP 
~1rn~::'"'hemical 

• Fl gure8.19Thellght-dependentreactlon 

11 1n11011-cyc:licphotophosphorylatio11, deducetheultimatefateofelectronsdi1placedfrnmthereaction 
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The excited electrons from photosystem I are then picked up by a different electron acceptor. 
Two at a time, they are passed to NADP'", which, with the addition of hydrogen ions from 
photolysis, is reduced to fotm NADPH + H+. 

By this sequence of reactions, repeated again and again at very great speed throughout every 
second of daylight, the products of the light-dependent reactions (ATP + NADPH + H+) are 
formed(Figure8.19). 

ATP and reduced NADP do not normally accumulate, however, as they are immediately used 
in the fixation of carbon dioxide in the surrounding stroma (light-independent reactions). Then the 
ADP and NADP'" diffuse back into the grana for reuse in the light-dependent reactions. 

12 Soth reducedNADPH<mdATP,product1ofthelightstageofphotosynthe1is,areformedonthe1ideof 
thylakoid membranes ttlat face the strnma. Suggest why this fact is signifkant 

tl Explain how the gradient in prntons ~een the thylakoid space and the stmma is generated 
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Studying the light-dependent reactions with isolated chloroplasts 
Chloroplasts can be isolated from green plant leaves and suspended in buffer solution of the 
same concentration as the cytosol (using an isotonic buffer). Suspended in such a buffer, it has 
been found that the chloroplasts are undamaged and function much as they do in the intact 
leaf. So, these isolated chloroplasts can be used to investigate the reactions of photosynthesis -
for example, to show they evolve oxygen when illuminated (known as the Hill reaction). 
This occurs provided the natural electron-acceptor enzymes and carrier molecules are present. 
Note, that in the light-dependent reactions the oxygen given off in photosynthesis is derh·ed 
exclusively from water (rather than from carbon dioxide). 

lntheresearchlaboratory,asensitivepieceofapparatuscalledanoxygen electrodeisused 
todetecttheoxygengiwnoffbyisolatedchloroplasts 

Alternatively, a hydrogen-11cceptor dye that changes colour when it is reduced can be used 
The dye known as OCPIP is an example. OCPIP does no harm when added to chloroplasts in a 
suitable buffer solution, but changes from blue to colourless when reduced. The splitting of water 
by light energy (photolysis) is the source of hydrogen that turns OCPIP colourless. 
The photolysis of water and the reduction of the dye are represented by the equation· 

ZOCPIP + 2Hp-+ ZOCPIPHi + 0 2 

In Figure 8.20 the steps for the isolation of chloroplam and the investigation of their reducing 
activity are shown. 

14 lntheexperimentshown inFigureS.20. isolatedchloroplasts areretained in i'iOlonic butter. standirigin an 
keb.ith. E11.pl aln thesignilicanceof this step 

• The light-independent reactions 
In the light-independent reactions, carbon dioxide is converted to carbohydrate. These reactions 
occurinthestroma ofthechloroplasts,surroundingthegrana. 

Howisthisbrough1aboui? 
The pathway by which carbon dioxide is reduced to glucose was investigated by a methOO 

we now call feeding experiments. In these particular experiments, radioactively labelled carbon 
dioxide was fed to cells. 1•C:X:\ is taken up by the cells in exactly the same way as non-labelled 
carbon dioxide and is then fixed into the same prcxlucts of photosynthesis. 
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• Flgure8.20DemonstraUonoftheH ll lreactlonlnlsolatedchloroplasts 

So, a brief pulse of labelled liCQ1 was introduced into the otherwise continuous supply of 
11<:02 to photosynthesizing cells in the light, and its progress monitored. Samples of the 
photo,;ymhesizing cells, taken at frequent internils after the 1~C02 had been fed, contained 
a sequence of radioactiYely labelled intermediates, and (later) products, of the photosynthetic 
pathway. These compounds were isolated by chromatography from the sampled cells and 
identified (Figure 8.21). Chromatography was introduced in Figure 2.68, page 123. 

The experimenters chose for their photosynthesizing cells a culture of Chlorella , a unicellular 
alga. They used these in place ofmesophyll cells (Figure 1.13, page 13), since theyha,·e almost 
idt-ntical photosynthesis, but allow much easier sampling 
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r Developments in scientific research fo llow improvements in apparatus 

• Calvin's use of radioactive isotopes in biochemical research 
The technique described above was pioneered by a team at the University of California, led by 
Melvin Calvin in the middle of the last century. He was awarded a Nobel Prize in 1961 
The chromatography technique that the team exploited was then a relatively recent invention, 
and radioactive isotopes were only just becoming available for biochemical investigations. 
His design of 'lollipop' container is the issue in question 15. 

• Fl g ure8.22 
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chloroplast 

The steps of the light-independent reactions 
The experiments of Calvin's team established the details of the path of carbon, from carbon 
dioxide to glucose and other products (Figures 8.22 and 8.23). They showed that: 

• The first prodoct of the fixation of carlxm dioxide is glycerate J-phosphate (GP). This is 
known as the fixa tion step 

• This initial product is immediately reduced to the 3.-carbon sugar phosphate, triose 
phosphate, using NADPH + H· and ATP. This is the reduction step. 

• Then, the triose phosphate is further metabolized to prodoce carbohydrates such as sugars, 
sugar phosphates and starch, and la ter lipids, amino acids such as alanine, and organic acids 
such as malate. This is the product-synthesis step 

• Some of the triose phosphate is metabolized to produce the molecule that first reacts with 
carbon dioxide (the acceptor molecule). This is the regeneration-of-acceptor step. The 
reactions of this regeneration process are today known as the Calvin cycle. 

Even with these steps established, a problem remained for Calvin's team. Which imcrmedia1c ~ 
iheactWJlacccpwrmo/ecu/e? 

At first, a 2-carbon acceptor molecule for carbon dioxide was sought, simply because the first 
product of carbon dioxide fixation was known to be a 3-carbon compound. None was found 

Eventually, the acceptor molecule ptoved to be a 5-carbon acceptor (ribulose bisphosphate). 
When carbon dioxide has combined, the 6-carbon product immediately splits into t\\-U 3-carbon 
GP molecules - hence the initial confusion. 

The enzyme involved is called ribulose bisphosphate carboxylase (commonly shortened 
to RuBisCo). RuBisCo is by far the mrn.t common protein of green plant leaves, as )'UU \\-U\Jld 
expect. 

carbon 
dioxide 

1.-. NAOPH,--~ -----,, ... ,:'."r ~u:_ 
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• Photosynthesis and plant nutrition 
The importance of photosynthesis to the green plant is that it provides the energy-rich sugar 
molecules from which the plant builds its other organic molecules. The metabolism of the green 
plant is sustained by the products of photosynthesis (Figure 8.24). But photosynthesis has a wider 
significance which was discussed on pages 127- 128 . 

.j ,., 
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(trimephosphate) ' 

/ " ! M""'=•=' i "f\ -... ~:::-,_ M ,,,, 
~ a·ke~ uta rate / NO,-

carbohydrates t, ~ 
&-.o- NH1 . 

transamination ; 

prote ins ---{ ...;;'!'.::c1s•-o-oo-o-o-o- glvt; mate 

• Flgure8.24 The productsyntheslsstepsofphotosynthesls 

function In 
chloroplasts 

Chloroplast, structure in relation to function 
We have seen that the grana are the site of the light-dependent reactions and the stroma is 
the site of the light-independent reactions of photosynthesis. Figure 8.25 is of an electron 
micrograph showing the ultrastructure of a chloroplast. Table 8.8 identifies how the strocture of 
the chloroplast facilitates function. You can make a drawing of the chloroplast ultrastructure in 
Figure 8.25 and annotate it , linking stroctures to function, guided by Table 8.8 

Structureofchloroplu t 
dou~e membrane bounding the chloroplast rnnta im the grana and stroma. and is permeable to co,. o,. 

ATP.sugar1alldotherproduct1ofphoto1ynthes.i1 
photosystems with chlorophyll pigments provide huge surface area for maximum light absorption 
arranged onthytokoidmembranesof gr.ma 
thylakokls.pacl'Swithingrana re1trictedrPgiomlor acrnmulabonofprotoo1.ind 

e1t.ibli1hmentoftheg1.1dient 
fluklstromawithlooselyanangedthylakoid siteolalltheenzymesollixatioo.reductionandregeneration 
membranes ofacceptorstepsol light-independentreactions.andm.iny 

enzymesoftheproductsynthesissteps 



TEMofathinsectionofachloroplast (x15000) 

• Fl gure8.25Transmls~onelectronmlcrographofachloroplast 

Make a line drnwing of a chloroplast, showing its internal structure. Now annotate )Ullr diagram 
to indicate the ways in which the structure is adapted to its function - using the information in 
Table 8.8 together with that in Figure 8.16 (page 360). 

16 Dlstlng ul sh betweenthl'folklwing 
a light-depelldentreactiom~mll ight-indepelldentreactiom 
b photolysi1andphotopho§!Jhory!ation 

17 Deducethe1igni1K,mtdiflerencebetweenthe1ta1tingm~terial1andtheend-pro<luctsofphotosynthe1is 

18 Draw a diagram of a diklrDpast to show i111tructure as revealed by electron micro11:opy. Annotate :,,our 
diagramtoindkatetheadaptatiomolthethloroplasttoitsfunc:tions 

19 lnc:,,clicphotophosphorylation.p redlctwhkh ofthefollowing cxcur: 
• photo.ic:tiv.itionofphotosysteml 
• reductionolNAOP-
• pmductiooofATP. 



• Examination questions -
a selection 

Questions 1-4 are taken from 18 Diploma biology 
papers. 

Q1 Which is correct for the non-competitive 
inhibition of enzymes? 

A yes 

8 yes 

C "" 
D "" 

Higher level Paper/, Time Zone I, May 10, Q27 

Q2 Whatisanallostericsite? 
A The area on an enzyme that binds the 

end-product of a metabolic pathway 
B The area on a competitor molecule that 

inhibits an enzyme reaction 
C The site on an enzyme where the substrate 

binds 
D The active part of a non-competitive inhibitor 

of an enzyme reaction 
Higher level Paper I, TimeZooeZ,May/3,QlB 

Q3 The enzyme succinic dehydrogenase catalyses the 
conversion of succinate to fumarate. 

succinate succinatedehydrogenase fumarate 

The addition of malonate to the reaction mixture 
decreases the rate of the reaction. If more 
succinate is added, the reaction rate will increase. 
What is the role of malonate in this reaction? 
A End-product inhibitor 
B Non-competitive inhibitor 
C Catalyst 
D Competitive inhibitor 

Higher Level Paper 1, nmezone 1, May 11, 021 

Examination questions - a selection 371 

Q4 The diagram represents components of the cristae 
in mitochondria. Which arrow indicates how 
protons (W) move to generate ATP directly? 

~ 
• ' 0 

Highf!f"Leve/Papef I, rime zone 0, Nov 12, Q29 

Questions 5- 10 cover other syllabus issues in this 
chapter. 

QS Describe the way the rate of enzymatic reaction is 
affected by the interaction of the following: 
a competitive inhibitor 
b a non-competitive inhibitor 
c the presence of an alkali environment. (6) 

Q6 Chemiosmosis is a process by which the synthesis 
of ATP is coupled to electron transport via the 
movement of protons. Draw and annotate a 
diagram to show how the structure of the 
membranes of a mitochondrion (given the position 
ofelectroncarriersandspecificenzymeswithinit) 
allows a large proton gradient to be formed, and 
ATP synthesis to follow. (8) 

Q7 a Explain asconciselyasyouareablethe 
distinctive nature of non-cyclic and cyclic 
photophosphorylation. (6) 

b Describe the specific circumstances which 
cause cyclic photophosphorylation to occur. (2) 
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QS a Explain the concept of limiting factors in 
photosynthesis, with reference to light 
intensity and the concentration of carbon 
dioxide. 

b Draw a fully annotated graph of net 
photosynthesisrate(yaxis)against 
light intensity(xaxis)at low and high 
concentrations of carbon dioxide. 

(4) 

(4) 

Q9 Distinguish between light dependent and 
light independent reactions and indicate the 
role of both water and carbon dioxide in 
photosynthesis. (4) 

Q10 Draw and label a chloroplast indicat ing the place 
for absorption of light, where glucose is stored 
and where NADP and the enzyme RuBisCo are 
located. (6) 



Plant biology 

• Structure and fun ction are correlated in the xylem of plants . 
• St ructure and fun ction are correlat ed in the phloem of plants. 
• Plants adapt their growth t o environment al conditions. 
• Reproduction in fl owering plants is influenced by the biotic and a bio tic environment. 

In the long history of life, green plants (Plantae) evolved about 500 million years ago, from 
aquatic, single-celled organisms called green algae (possibly , ·ery similar to Chlorella, Figure 8.21, 
page 366). The features that make the green plants distinctly different from other organisms are 

• a wall around each cell , the chief component of which is cellulose 

• possession of organelles called chloroplasts - the sites of photosynthesis. 

The diversity of green plant life was introduced in Chapter 5, pages 228- 230. Tcxlay, it is the 
angiospermophytes (flowering plants) that are the dominant plants in almost every terrestrial 
habitat across the world. The fossil record indicates they achieved this dominance early in their 
evolutionary history - about 100 million years ago. 

Some flowering plants are trees and shrubs with woody stems, but many are non-woody 
(herbaceous) plants. Whether 'MXX:ly or herbaceous, the plant consists of stem, leaves and root. 
In this chapter it is the internal transport mechanisms, growth, and reproduction of plants that 
arediscus.sed 

9.1 Transport in the xylem of plants - ><= •"~ '"" 
function are correlated in the xylem of plants 

• Transpiration is the inevitable consequence of gas exchange in 
the leaf 

Transpiration is the process by which water vapour is lost by evaporation, mainly from the 
leaves of the green plant. This loss of water vapour is the inevitable consequence of gas 
exchange in the leaf. We will see that the plant is forced to transport water from the roots to the 
leavestoreplacelossesfromtranspiration 

• Structure of stem, root and leaf 
• The stem supports the leaves in the sunlight and transports organic materials (such as sugar 

and amino acids), ions and water between the roots and leaves 

• The root anchors the plant and is the site of absorption of water and ions from the soil 

• A leaf is an organ specialized for photosynthesis and consists of a leaf blade connected to the 
stem by a leafstalk. 

The internal structure of plants is seen by examination of transverse sections. A tissue map 
(sometimes called a low-power diagram) is a drawing that records the relative positions of 
structures within an organ or organism, seen in section; it does not show individual cells 

From the tissue map in Figure 9.1, we see that the stem surrounded or contained by a layer 
of cells called the epidermis. The stem contains vascular tissue (xylem for water transport and 
phloem for transport of organic solutes) in a discrete system of veins or vascu Jar bundles. In the 
stem, the vascular bundles are arranged in a ring, positioned towards the outside of the stem 
(in a region that we call the cortex), rather like the steel girders of a ferro-concrete building. 
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The leaf, like the stem, is contained by a single layer of cells, the epidermis, and also contains 
vascular tissue in a system of rnscular bundles (Figure 9.2). The vascular bundles in leaves are 
often referred to as veins. The bulk of the leaf is taken up by a tissue called mesophyll and the 
cells here are supported by veins arranged in a branching network. The roots grow through 
the soil, which is an entirely supporting medium. In the roots, the vascular tissue (xylem and 
phloem) is arranged in a central region, the stele 

• Plants transport water from the roots to the leaves 
The uptake of water occurs in the root system, but the mO\·ement of water up the stem is driven 
by conditions in the leaves. We need to focus on both these regions of the plant. First, we look 
into water absorption in the roots. The uptake of ions also occurs here 

Root system, absorption and uptake 
The root system provides a huge surface area in contact with soil , because plants have a system 
of branching roots that continually grow at each root tip, pushing through the soil. This is 

important because it is the dilute solution that occurs around soil particles which the plant 
draws on for the large volume of water it requires, and also for essential ions. 

Contact with the soil is ,.istly increased by the region of root hairs that occurs just behind the 
growing tip of each root (Figure 9.3). Rcot hairs are extensions of indi\·idual epidermal cells and are 
relatively short-lived. As root growth continues, fresh resources of soil solution are exploited 
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• Rgure9.2 tiss ue mapofleafin cross-sectio n 

: :~;f~~;~~::loa~t 
(x120) 

palisademesophyll 

partof avascu!arbul"Kle in 
sec:bon - runnor,gparallelto 
theplaoeofsec:tion 

spongy~yll 

So water uptake occurs from the soil solution that is in contact with the root hairs. Uptake is 
largely by mass flow through the interconnecting 'free spaces' in the cellulose cell walls, but 
there are three possible routes of water movement through plant cells and tissues (Figure 9.4). 

• Mass flow occurs through the interconnecting free spaces between the cellulose fibres of the 
plant cel1 walls. This free space in cellulose makes up about 50% of the wall volume. This 
route is a highly significant one in water movement about the plant. This p-athway, entirely 
avoiding the living contents of cells, is called the apoplast. The apoplast also includes the 
water-filled sp-aces of dead cells (and the hollow xylem vessels - as we shall shortly see). 

_____ • Diffusion occurs through the cytoplasm ofcellsaOO via thecytoplasmicconnectiOlls between 
cells (called plasmodesmata). This route is called the symplast. fu the plant cells are packed 

lac:ili t.iteabsorption 
ofwateffromthe 

with many organelles, which offer resistance to the flow of water, this p-athway is very significant. 

• Osmosis occurs from vacuole to vacuole of cells, driven by a gradient in osmotic pressure. 
Active uptake of mineral ions in the roots causes absorption of water by o.smosis. This is 
not a significant pathway of water transix>rt across the plant, but it is the means by which 

2 ~~r~:(~~etween iIKlividual cells absorb water. 

_ :_:::_~~-m:_/!!_: '_' '_ ::~;[! ~~~;::~~::/;;~:!e
9
~
4
u~:~fts)'.er crosses from the epidermis of the root tissue to 

Ion uptake 
Ion uptake by the roots from the surrounding soil solution is by acth·e transix>rt. In active 
transix>rt , metabolic energy is used to drive the transix>rt of molecules and ions across cell 
membranes. Active transport is a distinctly different process from mowment by diffusion. 
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• Active transport may occur against a concentration gradient - that is, from a region of low 
to a region of higher concentration. The cyt060l of a cell normally holds some reserves of 
ions that are es.sential to metabolism, like nitrate ions in plant cells. These useful ions do not 
escape; the cell membrane retains them inside the cell. Indeed, when additional ions become 
available to root hair cells, they are actively absorbed into the cells, too. In fact, plant cells 
tend to hoard valuable ions like nitrates and calcium ions, even when they are already at 
higherconcentrationinsidethecytoplasmthanoutsidethecell 

• Active uptake is a highly selective process. Fot example, in a situation where sodium nitrate 
(Na• and N01- ions) is available to the root hairs, it is likely that more of the N01- ions are 
absorbed than the Na+, since this reflects the needs of the whole plants. 

• Active transport invoh·es special molecules of the membrane, called pumps. The pump 
molecule picks up particular ions and transix,rts them to the other side of the membrane, 
where they are then released. The pump molecules are globular proteins that traverse the lipid 
bilayer. Movements by these pump molecules require reaction with ATP; by this reaction, 
metabolic energy is supplied to the process. Mm;t membrane pumps are specific to particular 
molecules or ions and this is the way selective transport is brought about. If the pump 
molecule for a particular substance is not present, the substance will not be transported 

It is the presence of numerous specific protein pumps in the plasma membranes of all the root 
hair cells that makes possible the efficient way that ions are absorbed (Figure 9.5). Roots are 
metabolically very active and they require a supply of oxygen for aerobic cell respiration. By this 
process, the required supply of ATP for ion uptake is maintained 

Protein JIU"'P' occ,. in the plasma memb@ne of the 
motha~cell.withdiffe<entpoo-,pslorthe drffereotions 
lhecel requires - ATPactNatesea<l>pumpto;mport 
particularion<fromlhesoilsolutioo(he<eap<.<np 
lorNo1- ion<andapumpf0<K* ioosare illustfated) 

• Figure 9.5 The active uptake of Ions by protein pumps In root hair cell membranes 
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H ow ions reach the cell membranes 

The soil solution contains ions at relatively low concentrntions, so how do root hair cells access 
adequate quantities of essential ions/The mechanisms that maintain a supply of ions to the 
roots are as follows. 
I The mass flow of water through the free spaces in the cellulose walls (the apoplast 

pathway of water movement - Figure 9.4) continuously delivers fresh soil solution to the root 
hair cell plasma membranes (and to other cells of the root) 

2 Active uptake of selected ions from the soil solution of the apoplast maintains the 
concentration gradient. Ions diffuse from higher concentrations outside the apoplast to 

the solution of lower concentration immediately adjacent to the protein pumps. Remember, 
active uptake of ions in the roots causes water absotption there by osmosis. 

3 The mutualistic relationship that many plants have with species of soil-inhabiting fungi is 
also important. The fungal hyphae receive a supply of sugar from the plant root cells (green 
plants generally have an excess of sugar). In return, the fungal hyphae release to the root cells 
ions that have previously been taken up by the fungus as and when they became available 
in the soil. The spread of fungal hyphae through the surrounding soil is very extensive. The 
periodic death and decay of other otganisms on or in the soil, releases a supply of ions - very 
often some distance from the plant roots, but in reach of fungal hyphae. Nevertheless, plant 
roots obtain many of these ions later, from the fungal hyphae, thereby establishing that the 
plant- fungus relationship is one of mutual benefit. 

_ =_ •_,a_,gged ___ Stems and water transport - transport under tension 

• Flgure9.6 
Scanning electron 
mlcrographofsplral 
xylem vessels 

Transport of water through the plant occurs in the xylem tissue. The cohesive property of water 
and the structure of xylem vessels allow transport under tension 

Xylem begins as elongated cells with cellulose walls and living contents, connected end 
to end. During development, the end walls are dissolved away so that mature xylem vessels 
become long, hollow tubes. The living contents of a developing xylem vessel are used up in 
the process of depositing cellulose thickening to the inside of the lateral walls of the vessel 
This is hardened by the deposition of a chemical substance, lignin. Consequently, xylem is 

extremely tough tissue. Furthermore, it is strengthened internally, which means it is able to 

resist negative pressure (suction) without collapsing in on itself. Figure 9.6 is a scanning electron 
micrograph of spirally thickened xylem vessels. When )OU examine xylem vessels in longitudinal 
sections by light microscopy, you will see that some xylem vessels may have differently deposited 
thickening - many have rings of thickening, for example. 

In a root , the xylem is centrally placed but, in the stem, xylem occurs in the ring of vascular 
bundles - as we saw in Figure 9.1. Nevertheless, xylem of root and stem are connected. 
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Drawing the structure of xylem vessels seen in sections of stems 

The structure of xylem vessels is seen in transverse (TS) and longitudinal sections (LS) of plant 
stems. In prepared .slides of sectioned and stained plant organs, the cell walls that have been 
strengthened with lignin stand out particularly clearly. You can see the xylem vessels and fih:e, shown 
in sim within a TS of a stem on page 374 (Figure 9.1). You can see the position of xylem in a rcot on 
page 376 (Figure 9.3). You need to be able to identify xylem and phloem in microscope images of both 
a stem and a root, and to be able to draw a diagram showing xylem vessels in a section of a stem. 

Early growth of the plant is called primary growth (Figure 9.23, page 396). In the stem, 
primary xylem tissue forms on the innermo,t side of the developing \"ascular bundle. Meanwhile, 
primary phloem forms at the outer side of the niscular bundle. There is often a 'cap' of fibres at 
the out most edge of the vascular bundle 

The very first.formed primary ,·essels (protoxylem) have thinner walls than the later-formed 
xylem. These first xylem vessels have annular (rings) or spirally-arranged thickening that 
permits stretching of the tissues during continuing growth in length of the stem. The late. 
formed meta xylem has massively thickened walls. This forms where growth in length of the stem 
is completed. Xylem vessels have permeable pits in their walls, too. 

These differences are best seen by investigation of both transverse and longitOOinal stained 
sections of plant stems (Figure 9.7). Examine slides carefully before ~·ou make and annotate 
drawings to record the structure of primary xylem ,·essels. The guidance on recording by drawing 
from microscope images (pages 7- 8) should be followed. 

A. Photomicrograph of vascular bundl• of B. Photomicrogra ph of primary xylem VHHls seen in L5 (K500). with inte rpret ive 
Sunflowe r (Helianthus annuus) Hen in TS (K150) drawing showing xyle m tissue structure in TS and LS. 
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We have already seen that water uptake occurs from the soil solution, mainly at the root hairs 
(Figure 9.3). This occurs largely by mass flow through the interconnecting free spaces in the 
cellulose cell walls (apoplast - Figure 9.4). 

In a root, the centrally placed vascular tissue is contained by the endodermis. The 
endOOermis is a layer of cells that is unique to the root. At the endodermis, a waxy strip in the 
radial walls momentarily blocks the passage of water by the apoplast route (Figure 9.8). This 
waxy strip is called the Casparian strip. Water passes through the endOOermis by osmosis. The 
significance of this diversion is that the cytoplasm of endOOermal cells actively transports ions 
from the cortex to the endOOermis. The result is a higher concentration of ions in the cells at 
the centre of the root. The resulting raised osmotic potential there causes passive water uptake 
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to follow, by osmosis. Once again, it is actiYe uptake and transfer of ions within the root that 
causeswateruptakeby osmosis. 

Meanwhile, in the leaves, evaporation of water occurs and water vapour diffuses out of the 
stomata, a process called transpiration. Transpiration is the evapora tion of water vapour 
through stomata of green plant leaves (and stems). 

• The transpiration stream 
The water that evaporates from the walls of the mesophyll cells of the leaf is continuously 
replaced. It comes, in part, from the cell cytoplasm (the symplast pathway), but mostly it comes 
from the water in the spaces in walls in nearby cells and then from the xylem nissels in the 
network of ,.iscular bundles nearby (the apoplast pathway). 

These xylem vessels are full of water. As water lea\"es the xylem vessels in the leaf a tension 
is set up on the entire water column in the xylem tissue of the plant. This tension is transmitted 
down the stem to the roots because of the cohesion of water molecules. Cohesion of water 
molecules is due to hydrogen bonds (page 69) - the water molecules are held together because 
they are polar and so are strongly attracted to each other. This same force causes the water to 
adhere to the sides of the xylem vessels, as well - a force called adhesion. Consequently, under 
tension, the water column does not break or pull away from the sides of the xylem vessels. The 
result is that water is drawn (literally 'pulled') up the stem. So, water flow in the xylem is alwa~; 
upwards. We call this flow of water the transpiration stream and the explanation of water 
transport up the stem is the cohesion-tension theory. 

The tension on the water column in xylem is demonstrated experimentally when a xylem 
1-essel is pierced by a fine needle. Immediately, a bubble of air enters the column (and will 
interrupt water flow). If the contents of the xylem Yessel had been under pressure, a jet of water 
"UUldbereleasedfrombrokenvessels. 

Further evidence of the cohesion- tension theory comes from measurement of the diameter 
of a tree trunk over a 24-hour period (Figure 9.9). In a large tree, there is an easily detectable 
shrinkage in the diameter of the trunk during the day. Under tension, xylem vessels get narrower 
in diameter, although their collapse is pre\"ented by the lignified thickening of their walls. 
Notice that these are on the inside of the xylem vessels (Figures 9.6 and 9.7) 

The diameter of the tree trunk recowrs during the night when transpiration virtually stops 
and water uptake makes good the earlier losses of water vapour from the aerial parts of the plant. 

ThedatawereobtainedinearlyMay. Thetn>etrunkisoodergoingsecondary!1"owthingirthdufir,g 
the expenmental J)l'fiod. The maxirmm da ily shrinkage amounted to nearly S mm 

----- Stomata and transpiration 
----- The tiny pores of the epidermis of leaves, through which gas exchange can occur, are known as 
, Ex.plalnthe 

rnnsequenceof 
the Casparian strip 
fortheap<lp.111 

~a:~:~o/ w.iter 

stomata (Figure 9.10). Most stomata occur in the epidermis of leaves, but some do occur in stems. 
In the typical broad leaf, stomata are concentrated in the lower epidermis. Each stoma consists 
of two elongated guard cells. These cells are attached to ordinary epidermal cells that surround 
them and are also securely joined together at each end. Hcw,ever, guard cells are detached and 
free to separate along the length of their abutting sides. When they separate, a pore appears 

----- between them. 



pa~s.>de upper 
~I epide,mi, 

pore partially open 

• Flgure9.10Thedlstrlbutlonandstructureofstomata 

photomicrographoflowersurfaceofl.,,f-showing 
distributionofstomataamongtheepidermalcells(•100) 

Stomata open and close due to change in turgor pressure of the guard cells. They open when 
water is absorbed by the guard cells from the surrounding epidermal cells. The guard cells then 
become fully turgid and they each push into the epidermal cell beside them (because of the way 
cellulose is laid down in the walls, Figure 9.10). A pore develops between the guard cells. When 
water is lost and the guard cells become flaccid, the pore doses again. 

Stomata tend to open in daylight and be dosed in the dark (but there are exceptions to this) 
(figure 9.11). This diurnal pattern is overridden, however, if and when the plant becomes short 

-, - ,-.,- ,.-, -wh-y -- :a:;t:;;i~, s,:::a:: ~~!;i~:1;~:~
1
:~~i::~: =~;~~~~0

:y(:~~::n~o~n~n:::~=~~ed) 
mange, in the This curtails water vapour loss by transpiration and halts further wilting. Adequate water 
t\JflJOJ of guard cells reserves from the soil may be taken up subsequently, thereby allowing the opening of stomata 

~:0u~:~ning of :~:p~r~~io:~;~:~.:~t~~ :~::::: :::}l~:e;~;~: ~~i;techanism is that stomata regulate 
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• Flgure9.11 

transpiration 

• Flgure9.12 

Stomatalopenlng ::.:;;~;~ 

I ExamineFigure9.12 
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stomatalape<tures 
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dryrnoditiom 
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maximumsizeaod 
duratiooofopeoing 
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• Flgure9.13 

lnvestlgatlng 

transpiration and 

the factors that 

'"C------sunnyday 
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Measuring transpiration rates using a potometer 

The rate of transpiration may be investigated using a potometer (Figure 9.13). 

leafyshoot(loses 
wate,vapou,toair) 

waterdra,wnupthe 
stem to replace the 
wate<!Jansp ~ed 

TherearevariousdP<igosolpotomete< - allope,atiogioasirnilarwa,y. 
oothesameprinciples.Thepotornetermaybesetupurderciffefeot 
eJMJ~conditions(e.g.lightv.dark;lowv.hightemperature; 
ma,ingv.,tillair).andtherateoftranspiratioomea,sured 

wa,te<rl'Sl'fVOir 
(U.:,cap ilarytubei:srecharged 
1<ithwaterfrom here) 

tap (closed) 

ca,p; llarytube 
(lrrmiocliameter) 

:::::nr:/!00

~~~"' 

in;;giveotime 

aswate<Js clr;;Wl\intotheplant 
ameni«:usappea"he,eand 
movesak>ngU.:,capillaryttbe 

I!==~~~ 
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Transpiration is found to be dramatically affected by erwirorunental conditions around the plant. 
Whyisulis so! 
Transpiration occurs because water molecules continuously eniporate from the cellulose walls 

of cells in the leaf which are saturated with water. This makes the air in the air spaces between 
mesophyll cells more or less saturated with water vapour. If the air outside the plant is less 
saturated (less humid - as it very often is) and the swmaw aw op.m, then water vapour will diffuse 
out into the drier air outside. 

You will need to design particular experiments to test hYJXJtheses about the effect of 
temperature or humidity on transpiration rates, using a potometer. How will changei in one of 
w~ environmental conditions affoc1 mmipiraiion? 

You will already appreciate these factors 

• Temperature affects transpiration because it causes the evaporation of water molecules from 
the surfaces of the cells of the leaf. A rise in the concentration of water vapour within the air 
spaces increases the difference in concentration in water vapour between the leaf's interior 
and the air outside, and diffusion is enhanced. So, an increase in temperature of the leaf 
raises the transpiration rate 

• If humid air collects around a leaf, it decreases the difference in concentration of water 
vapour between the interior and exterior of the leaf, so slowing diffusion of water vapour 
from the leaf. H igh humidity slows transpiration 

Also relevant, perhaps as factors to control in your experiments: 

• \ Vind sweeps away the water vapour molecules accumulating outside the stomata of the epidermis 
of the leaf surface, so enhancing the difference in concentratiOll of water vapour between the leaf 
interior and the outside. Mm-ements of air around the plant enhance transpiration. 

• Light affects transpiration because the stomata tend to be open in the light - essential for 
loss of water n1pour from the leaf. light from the Sun also contains infra.red rays which 
warm the leaf and raise its temperature. light is an essential factor for trarupiration 

Designing an investigation of transpiration 
You have had experience of experimenting with a i:otometer and are, therefore, familiar with its 
use. The focus of this experiment is to obtain data on the effects of temperature or humidity on 
the rate of transpiration. In designing )'Ullr approach you will need to decide and resolve 
I the environmental factor you will investigate 
2 how this factor can be varied experimentally around the leafy shoot, and how variable this 

condition should be 
whatotherfactorsitisessentialtocontrol 
how long to allow the plant material to adapt to and stabilize in the new conditions, each 
timeachangeismade 

5 how to achieve and establish reprOOucible results. 

When evaluating )'Ullr approach, reflect on the fact that the i:otometer measures warer upwke, 
andthepossiblesignificanceofthisfact. 

Does transpiration have a role? 
It is evident that transpiration is a direct result of plant structure, plant nutrition and the 
mechanism of gas exchange in leaves, rather than being a valuable process. In effect , the living plant 
is a 'wick' that steadily dries the soil around it. However, transpiration confers advantages, too: 

• Evll.poration of water from the cells of the leaf in the light has a strong cooling effect. 

• The stream of water travelling up from the roots in the xylem passively carries the dissolved 
ions that have been actively absorbed from the soil solution in the root hairs. These are 
required in the leaves and growing points of the plant. 

• All the cells ofa plant receive water by lateral movements of water from xylem vessels, via pits in 
their walls. This allows living cells to be fully hydrated. It is the turgor pressure of these cells that 
provides support to the whole leaf, enabling the leaf blade to receive maximum exposure to light 
In fact, the entire aerial system of ron.l'UC:Jdy plants is supported by this turgor pressure. 

So, transpiration does have significant roles in the life of the plant. 
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Jll!ll!IIIIIII Using models as representation of t he real world 

• Models of water transport driven by evaporation - simulations 
of transpiration 

Models of water transport in the xylem, and demonstrations of the power and inevitability of 
evaporation from moist surfaces can be designed and tested using familiar laboratory equipment, 
after appropriate risk assessments have been carried out. Figure 9.14 illustrates two possible 
approaches. What does your approach establish about the mechanisms involved in transpiration! 

Evaporation and the cohHiv./adhHiv. prop .. tiH of water power water movements up the fine tubes 

------- adapla!ioo of a JIOlome!e<, 

------- repl,Kng ~af shoot by 
aninverted,watef·fi lled 

""'=· '"' -------------

topofsc:ale 

-~ ~ ~ 
capil a,ytube 

lhree"Waytlp 

Comparison of water (mass) loss from a leaf and a comparable aru of damp filter paper 

simpledOOkings!rawbataoce 
(bendir,gt)pe) 

• Figure 9.14 Demonstrations of the power and lnevltablllty of evaporation 

wate,drawnupthegtasstube 
duetowale<lmsbyevaporatioft 
from the porous pot 

H"aJJarallels!rawbataoceisset 
upwithdampfilte,pape,. 
ruttolhesa,,..,sizeaslheleal. 
whichwilllosemassmostquidly' 

Finally.eval>atethemodelsyou 
haveMgnedandthe"-'Sults 
ac:hievl'dbydiscussionswith)O<lr 
J)l'l'fSandyourtutor . l/llhatwas 
thevalueolthisactMty? 
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• Water scarcity and adaptations of plants 
Most native plants of temperate and tropical zones, and most of our crop plants, grow best in 
habitats with adequate rainfall, well-drained soils and with their aerial system (stem and leaves) 
exposed to moderately dry air. Loss of water vap:mr from the leaves may be substantial in drier 
periods, particularly in the early part of the day, but excessive loss from the leaves is prevented 
by the responses of the stomata (Figure 9.12). Any deficit is normally made good by the water 
uptake that continues, day and night. It is the structure of these sorts of plants (known as 
mesophytes) that we have been considering in this chapter. 

On the other hand, xerophytes are plants that are able to survive and grow well in habitats 
where water is scarce. These plants show features that directly or indirectly help to minimize 
water loss, due to transpiration. Their adaptations are referred to as xeromorphic features, and 
these are summarized in Table 9.1. 

Xeromorphlc features exceptkmally thkk rnticle to leaf {and stem) epidermis prevents water 1011 through the extemal wall of the 
epidermal cells 

• Fl gure9.1 5 
Marramgrass 
(Ammophllla), a 
pioneer plant of sand 

layerofhairsonthel'pidermis trapsmoistairovertheleafandreducesdiffusion 
reduction in the number of stom<ita reduces outlets thro ugh which moist air can diffuse 
1tomatainpit1orgrooves moi1tai1istr<1pped0\llsidethestomata.reducing 

diffusion 
le<if rolled or folded when short of water {cells fl<iccid) redlJ{el area from whkh transpiration can ocrnr 
superficial roots e:,:Poitovemightrnndensalion<1tsoil1u1face 
deepande:ctensiveroots exploitadeepwatertableinthesoil 

Marram grass (Ammophilia arenaria) is a plant that grows in sand dunes around coasts in 
Western Europe. It has underground stems and roots. Above ground are cylindrical leaves, rolled 
up so that their lower surface (carrying the stomata) is enclosed. Look carefully m the TS of 1he 
leaf (Figure 9.15). \Vhar odier :reromorphic feamm doei ii show? 
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9 Suggest why it is that. of all the eovironmental factors whic:h affe<:I plant growth. the issue of water 
'illpplyis'>Ocritical 

10 Explain why we GIil demibe the external epidermis of the leaf of marram grass as botanic:ally equivalent 
tothelowerepidermisofamesophyteleaf. 

For the organisms living in a sand.-dune habitat , water is scarce - the sand is a quick-draining 
soil and, here, plants experience salt spray from the nearby breaking waves in perkxls of high 
winds. Other habitats where xerophytes are common are deserts, where temperatures are high in 
daylight and rainfall is low, and salt marshes (Figure 9.16). 

Plants found in salt marshes are known as halophytes. Salt marshes are periodically flcoded 
by sea water with its high salt content (but at other times they may be exposed to fresh water, in 
the form of rain or river flow). So, at times, the roots may be bathed in water of higher osmotic 
potential than that of their cells. This generates physiological drought conditions. Halophytes 
respond by absorbing additional salts. 

• Flguret.16 d .. ert plant 
Plants of deserts a nd H,es.aguarocactU<. 

is meant by 
"physiological 
drooght" 

Tucson.Arizona 
1\/heorainlalls.lhi, 

~;;;::.,";~~t,eand 
subsequentdrou,j,t 

9.2 Transport in the phloem of plants -,uuetu,eand 
function are correlated in the phloem of plants 

• Plants transport organic compounds from sources to sinks 
Translocation is the movement of manufactured fcod (sugars and amino acids, mainly) which 
occurs in the phloem tir.sue of the vascular bundles (Figure 9.18). Sugars are made in the 
lea~·es (in the light) by photosynthesis and transported as sucrose. So, we refer to these leaves 
as the source. The first-formed leaves, once established, transport sugars to sites of new growth 
(new stem, new leaves and new roots). In older plants, sucrose is increasingly transported 
to sites of storage, such as the cortex of roots or stems, and seeds and fruits. These sites are 
referred to as sinks. 

Amino acids are mostly made in the root tips. Here, absorption of nitrates (which the plant 
ll'ies in the synthesis of amino acids) occurs. So, in this case, the root tips are the source. After 
their manufacture, amino acids are transported to sites where protein synthesis is occurring. 
These are mostly in the buds, young leaves and young roots, and in developing fruits. In the case 
of amino acids, these sites are sinks 

Translocation is not restricted to organic compounds that are manufactured within the 
plant. Chemicals that are applied to plants, for example by spraying, and are then absorbed by 
the leaves, may be carried all over the organism. Consequently, pesticides of this type are called 
'systemic'. 
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electronm icrographinl.5 

' 

• Phloem tissue structure 
Phloem tissue (Figure 9.17) consists of sie,·e tubes and companion cells, and is served by 
transfer cells (Figure 9.20) in the leaves. Sieve tubes are narrow, elongated elements, connected 
end to end to form tubes. The end walls, known as sieve plates, are perforated by pores. The 
cytoplasm of a mature sieve tube has no nucleus, nor many of the other organelles of a cell. 
However, each sieve tube is connected to a companion cell by strands of cytoplasm, called 
plasmOOesmata, that pass through narrow gaps (called pits) in the walls. The companion cells 
are believed to service and maintain the cytoplasm of the sieve tube, which has lost its nucleus. 

Phloem is a living tissue and has a relatively high rate of aerobic respiration during transport 
In fact, transport of manufactured frxxl in the phloem is an active process, using energy from 
metabolism. 

compaoooncell 

sieve plate 

c°""""nicmcell 

"'""'= 

companion cell and si.,,.tube 
• l• m• nt inl.5(high power) 
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=:=._.ith 
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::,::;r;;i::'.:i: 
andsomeendq,lasmic: 
reticuUm,bul\\ilhout 
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Golgiap!)aatu, 

• Flgure 9.17 The flnerstructureof phloemtlssue 



ThattranslocationrMjuirH living 
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• Fl g ure9.18Translocatlonrequlresllvlngcells 
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{,J)atSO°C.traoslocabooofsogar 
fmmtt,,,Jeafbladestopped - this 
isab<M:,thethermaldeathpointol 

"'""""" 
(b)at3"C.c~redwith20"C 

translocationolsuga,lrnmleaf 
b!adewasreducedbyalmost10% 
ollealcJ,:yweightOYe,ag;,,.,ntime 

Identification of xylem and phloem in microscope images of stem and root 
By the examination of a selection of transverse and longitudinal sections of the stems and 
roots of herbaceous plants, the appearance and positions of xylem vessels, phloem sieve tubes 
and companion cells will become clear. Ask your teacher or tutor to point out the ways that 
fibres differ from xylem vessels. Similarly, phloem tissue needs to be differentiated from the 
surrounding ground tissue (called parenchyma). 

• Investigating phloem transport 
Movement of nutrients in the phloem has been investigated using radioactively labelled 
metabolites. This technique was pioneered between 1946 and 1953 by a team at the University 
of California, led by Melvin Calvin. Radioactive isotopes had become aniilable for research 
in 1945, a by-product of war work on the atomic bomb. The team also exploited the relatively 
recent invention of paper chromatography. 

l-lCJabelled sugars, manufactured in illuminated leaves 'fed' l-lCQ1, can be traced during 
translocation, For example, the contents of individual si~·e tubes can be sampled using the 
mouthparts of aphids as micropipettes, once these have been inserted into the plant by the 
insect (Figure 9.19). The techniques illustrated here can be adapted to investigate speed of 
phloemtransport(seequestion 12). 
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• Fl gure9.19Uslngradloactlve carbontolnvestlgatephloemtransport 



9.2 Transport. in the phloem of plants 391 

12 This queo;tion concerns measurement of phloem transport rates . In a ser~s ol five investigations of 
the rate of movement of radioactive sucrose through phloem in the stems ofwiHow. the mouthparts of 
aphidswereuseda1micropipetteo;(seeFigure<J.19).Thetimetakenforapul5eofradioaclivesugarto 
travel between sampling points A and B of known distance ~art was measured and recorded 

Dlst;ncebetween Tlmetakenforsucrose to 
samplepolntsAand travelbetweenAandB/ 

Experiment: 81mm Mean rate/ mm hr-1) 

' 

Meanrateofsugar 
tr; nsporUmmhr'= 

a Explain how radio.active sucro'il' m.iy be generated in ·source· ~aves close to s.imple point A 
b ldenbfy two likely "sink" sites to which phloem m.iy trampmt surro'il' in healthy. growing wiHow plants 
c Suggest why the dist.incl'I between the sampl ing points v.iried in the live experiments 
d Cakulatethemeandistancebetweensamplingpoints(rnlumn2.rrm6) 
• Cakulatether.iteol1ugartramportloreachexpl'l"iment(rnlumn4) 
f Cakulatethemeanrateofradioaclivesugartransport{rnlumn4.row6) 
11 State the slowest and the fastest rates of sugar transport th.it were recorded {column 4) 
h Suggesttwo possiblereasomwhytherateo fsugartranspmtvark>dintheseexperiments 

• The process of translocation 
Trans location can be illustrated by examining the movement of sugar from the leaves. 
The story starts at the point where sugars are made and accumulate within the mesophyll 
in the leaf. Thisisthesourcearea 

Sugars are loaded into the phloem sieve tubes in the leaf. This task is carried out by 
specialized cells called transfer cells, positioned between mesophyll cells (where sugar is 
produced) and the phloem companion cells (Figure 9.20). The transfer of sugar is driven by the 
combined action of primary and secondary pumps. These pumps are special proteins in the cell 
surface membrane. The primary pumps remove hydrogen ions (protons) from the cytoplasm of 
the companion cell into the transfer cell, so setting up a gradient in concentration of hydrogen 
ions. This movement requires ATP. Hydrogen ions then flow back into the companion cell, 
down their concentration gradient. This occurs at specific sites called secondary pumps, where 
their flow is linked to transport of sucrose molecules in the same direction. 
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• Flgure9.20 Transfer cellsandtheloadlngofslevetubes 

the presence of a 
large number of 
mitochondliainthe 
companion cells 
implf!'sabootthe 
role of these ce lls 
in the movement of 
'sap' inthephloem 

A:; sucrose solution accumulates in the companion cells , it mo..-es by diffusion into the sie..-e 
tubes, passing along the plasmcxlesmata (Figure 9.17). The accumulation of sugar in the phloem 
tissue raises the solute potential and water follows the sucrose by o,mosis. This creates a high 
hydrostaticpressureinthesievetubesofthesourcearea 

Meanwhile, in living cells elsewhere in the plant - often, but not necessarily, in the roots -
sucrose may be conYerted into insoluble starch deposits. This is a sink area. A:; sucrose flows 
out of the sieYe tubes here, the solute !X}tential is lowered. Water then diffuses out and the 
hydrostatic pressure is lowered. 

These proce= create the difference in hydrostatic pressures in source and sink areas that 
drive mass flow in the phloem 

The pressure-flow hypothesis 
The principle of the pressure- flow hy!X}thesis is that the sugar solution flows down a hydro,tatic 
pressure gradient. There is a high hjdrostatic pressure in sieve elements near mesophyll cells in the 
light (source area), but low hydro,tatic pressure in elements near starch-storage cells of stem and 
root (sink area). This mass flow is illustrated in Figure 9.21, and the annotations explain the steps. 

In this hy!X}thesis, the role of the companion cells (living cells, with a full range of organelles 
in the cytoplasm), is to maintain conditions in the sieYe tube elements favourable to mass flow 
of solutes. Companion cells use metabolic energy (ATP) to do this. 
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• Flgure9.21 Thepressure-flowtheoryofphloemtransport 
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Pressure-flow 
hypothesis-the 

Against 
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• 'Sinks' change in the lifecycle of the plant 
The locations of the sinks change during the stages of growth of a green plant. Initially, the 
youngest leaves and the growing points of stems and roots are the sinks for the sugars that 
are exported by more matures leaves. Eventually, flower buds become the main sinks. After 
pollination, the developing fruits and seeds are the priority sinks. In plants that survive winter or 
an unfavourable season for growth, roots (and sometimes protected stems) become sinks. 

14 Ex.imineFigure9.18{page38<J)careful!y. 
a Suggest thesequenceofeventsthatyouwouldaoticipateio~leaf1talka1thernnteotolthewater 

jackl'tisraisedtaso·c 
b Predict how yoo would expect the phloem sap sampled from a 1ieve tube near leaves in the light and al 

thebaseofthe1ame1temtadiffer 

15 Ex.plaln theprocesseswhkhmaintain 
11 thelowsolutepoteotialofthecelloltherootrnrtex 
b thehighsolutepotentialofthemesophyllcell1ofag1eeoleaf 

16 Desc ribe the differences between trampiration ~nd tramkx~tion 

9.3 Growth in plants -plantsadapttheirgrowthtoenvironmentat 
conditions 

• Undifferentiated ce lls in the meristems of plants allow 
indeterminate grow th 

Initially, the plant grows from a single cell, the zygote, by repeated cell divisions, to form an 
embryo in the developing seed. Once a plant has grown past the early embryo stage, all later 
growth of the plant occurs at restricted points in the plant, called meristems. A meristem is 
a group of cells that retain the ability to divide by mitosis. These cells are small, with thin 
cellulose walls and dense cytoplasmic contents. Vacuoles in the cytoplasm are mostly absent, 
marking them apart from typical mature plant cells (with their large fluid-filled nicuoles). 
Meristems occur either at terminal growing points of stems and rcots, or they are found laterally. 
In Figure 9.22, both types of meristem can be identified 

Indeterm inate versus determ inate growth 
Growth from the apical meristem of a plant is described as indeterminate because it forms an 
unrestricted number of lateral organs, such as leaves, buds and lateral branches, more or less 
indefinitely. Determinate growth is typical of many animals, including mammals, in that growth 
stops when an organism or part of the organism reaches a certain size and shape 
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• Figure 9.22 Stem and root growth In the broad bean plant (Vic~ faN) 
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Apical meristems occur at the tips of the stem and root and are responsible for their primary 
growth (Figure 9.22). Cell division and the subsequent growth of the cells produced here lead 
to formation of the tissues of stem (and root). First, the new cells formed by division rapidly 
increase in size. Then, this cell enlargement phase is followed by cell differentia tion. The new 
enlargingcellsbecomespecialized.Forexample· 

• New cells of the ground tissues are formed (called collenchyma and parenchyma). These are 
contained within the external layer of cells known as the epidermis 

• New cells of the vascular tissue form in the developing rnscular bundles. These contain 
water--carrying cells (xylem) and elaborated food.carrying cells (phloem), both of which are 
assembled as extensions to the existing vascular bundles. 

These are the primary tissues that make up stems (and roots), and so apical meri:,tems are also 
called primary meristems. Between phloem and xylem of the bundles, a few meristematic cells 
remain after primary growth, and these form a meristematic tissue called cambium 

Lateral meristems (Figure 9.23) form from the cambium cells in the centre of vascular 
bundles, between the (outer) phloem tissue and the (inner) xylem tissue. When the lateral 
meri:,tem forms and grows, it causes the secondary growth of the plant. Secondary growth 
involves additions of vascular tissue (secondary phloem and secondary xylem), and results in an 
increase in the girth of the stem. The first stage in secondary growth occurs when the cambium 
in the vascular bundles grows into a complete cylinder around the stem. Growth of the lateral 
meristem increases the circumference of the stem and also increases the strength of the stem 

Table 9.3 compares the growth due to apical and lateral meristems. 
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• Plant ho rmones contro l growth in the shoot apex 
Among the internal factors that play a part in control of plant growth and sensitivity are the 
plant growth regulators. These hormone-like molecules are different from animal hormones, 
(Table 9.4). It is accepted shorthand to refer to plant growth regulators as plant hormones, so this 
iswhatwewilldo 
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Plant hormones occur in low concentrations in plant tissues, which presented difficulties to 

earlier experimenters. Now, improvements in analytical techniques have led to the discovery 
of the molecules involved and of their effects on ge-ne expression, for example. There are five 
major types of compound, naturally occurring in plants and classified as plant hormones. These 
substances tend to interact with each other in the control of growth and sensitivity, rather than 
working in isolation. Here, we shall illustrate the action of plant hormones largely by reference 
to one, known as auxin (Table 9.5). 

Auxln - lndoleacetlcacld(IAA) 
Introducing the plant discovery initia llybyChartesDarwin.w01kingwithgrassrnleoptilesandthei1rnrvatu1etowardsa 

unilaterallighl'>Ovrce;later.Wentdeviledabioklgic.al.issaytolindthernric:entratiomin 
plantorgansof·auxin" 

• Flgure9.24 
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Auxin is manufactured by cells undergoing repeated cell division, such as those found at the 
stem and root tips. Consequently, the concentration of auxin is highest there (Figure 9.24). 
Auxin is then transp:,rted to the region of growth behind the tip, where it causes cells to 

elongate. 

region1ofrnleoptileand@dicle(root)ana~at=Clterval1 

Auxin and shoot growth 
Auxin has a major role in the growth of the sh<x>t apex, where it promotes the elongation of 
cells. It also inhibits growth and development of lateral buds that occur immediately below the 
terminal growing point. This leads to a quality known as apical dominance. Ho1,:ever, a high 
concentration of auxin actually inhibits growth in length of the stem. Other hormones, the 
gibberellins, interact with auxin to enhance stem elongation. Cytokinins, from the root apex, pass 
back up to the stem and promote lateral bud growth - it is antagonistic to the effect of auxin in 
this respect. The full picture of plant hormone interactions is a complex one. 

Auxin influences cell growth rates by changing the pattern of 
gene expression 
Auxin has these effects on growth and development by direct action on the components of 
growing cells, including the walls, and on the gene expression mechanisms operating in the 
nucleus. Auxin transport across cells is p:,lar, with its entry into the cell being passive (by 
diffll'iion) and its efflux being active (ATP..driven). This mechanism of auxin movement and 
the ways in which auxin may influence growth and developmt'llt of the cell are outlined in 
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• Flgure9.25 
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Auxins and plant responses to environmental stimuli 
Plant organs respond to external stimuli. A response in which the direction of the stimulus 
determines the direction of the response is called a tropic movement or tropism (Table 9.6). 

Tropism Example 
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When the stem tip responds by growing towards the light, it is said to be positively phototropic -
due to an increased concentration of auxin on the darkened side (Figure 9.26A). In a seedling 
that is subjected to the unilateral stimulus of gravity - that is , placed on its side (Figure 9.268) -
a higher concentration of auxin collects on the lower surface. The root tip responds by growing 
down (it is positively geotropic) but the stem tip grows up (being negatively geotropic). 

How docs auxin injiucnce grn.e expreJJion in these simaiions! 
The current hypothesis to account for these effects is as follows 

• An environmental influence, such as unilateral light, is detected by proteins called 
phototropins, which respond by binding to receptors in the cell. These receptors control 
the transcription of specific genes. These genes may cOOe for glycoproteins (known as PIN.3 
proteins) in the plasma membranes of cells that facilitate the transport of auxin. 

• PIN3 proteins are involved in the lateral transport of auxin in unilaterally illuminated stems 
(Figure 9.26A), and lateral transport of auxin in sten1s and roots exposed to a unilateral 
gravitationalstimulus(Figure9.26B). 

17 Construct ali1tofthevariou1effect1of lightonplantgrowthanddevelopment 

• Developments in ana lytical techniques allow the detection of 
trace amounts of hormones 

A DNA microorray consists of a collection of DNA probe sequences attached to a solid surface 
The 'surface' can be a glass or silicon chip, to which the DNA is covalently bonded. One use for 
such microarrays is the detection and measurement of the expression of particular genes. Genes 
being expreo.sed may be caused to fluoresce and, so, can be detected. In plants, the hormone 
auxin has been shown to influence gene expression and so regulates growth and development 
Data on this has been obtained from studies on cells of a plant from the brassica family, 
Ambidopsis thaliana, when grown under the influence of unilateral environmental stimuli, such 
as light or gravity. A combination of several genes is typically involved 

• Tissue culture and micropropagation 
Plant tissue culture is a laboratory technique for growing new plants from blocks of 
undifferentiated tissue (callus) or from individual cells (figure 9.27). Unlimited numbers of 
clones of a plant can be prOOuced, all identical. By this technique, genetically mOOified cells 
can also be cloned and grown up into plants. So, tissue culture has increasingly important 
applications in agriculture, horticulture and genetic engineering. Tissue culture and 
micropropagation also have applications for rapid bulking up of new varieties, production of 
virus-free strains of existing varieties and propagation of rare species. 

A practical protocol in plant tissue culture, safely and easily conducted in school laboratories, 
has been developed by Science and Plants for Schools. It can be accessed at www.saps.org.uk. 

TOKUnk 
Ptants rnmmunicate both internally and externally. How? 
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9.4 Reproduction in plantS - reproductioninfloweringplantsis 
influenced by the biotic and abiotic environment 

Flowering plants contain their reproductive organs in the flower. Flowers are often 
hermaphrodite structures, carrying both male and female parts. 

The parts of flowers occur in rings or whorls, attached to the =lien tip ci the flower stalk, called 
the receptacle. The sepals (collectively, the calyx) erdose the flower in the bud, and are ll'lually 
small, green and leaf-likf. The petals (col.lectively, the corolla) are often coloured and coo.,picoous, 
and may attract insects or other small animals. The stamens are the male parts of the flower, and 
consist of anthers (housing (Xlllen grains) and the filament (stalk). The carpels are the female part 
cithe flower. There may be one or many, free-standing or fused together. Each carpel consists of an 

• Figure 9.28 <Miry (containing o\'ules), a stigma (a surface for receiving p:,llen) and a connecting style. 
The buttercup The buttercup flower is shown in Figure 9.28, and other flowers that are common in different 
(Ranunculus) flower parts of the world are shown in Figure 9.29. 

the inflorescenceofbuttercup(Ranuncu/usacris) 
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• Figure 9.29 Other animal-pollinated flowers common In different parts of the world 
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• Drawing a half-fl ower view of an animal pollinated fl ower 
look at the half-flower representations of the buttercup (Figure 9.28) and the white dead nettle 
(Figure 9.30). Both are insect-pollinated flowers (they have nectaries which provide a sugar 
solution that insects require), but the white dead nettle's structure ensures that the abdomen of a 
bee will be in contact with the stamens and stigma (if mature), as it pushes down to suck up the 
nectar. Choose an insect-pollinated flower that is m.iilable near your school or college. Study 
its structure and then work out its pollination mechanism. (What insects can visit and benefit?) 
Then create a half-flower drawing of )OUT flower. 

a flo ra l diagra m of Lamium album half flowe r of Lamium album 
stigma 

(belweenilllthefs) 

• Pollination and fertili zation 
Pollen grains contain the male gametes. Pollination is the transfer of pollen from a mature 
and1er to a receptive stigma. The pollen may come from the anthers of the same flower or 
fkw,ers of the same plant, in which case this is referred to as self-pollination. Alternatively, 
pollen may come from flowers on a different plant of the same species, which is referred to as 
cross-pollirration. 

Transfer of pollen is often brought about by animals (Figure 9.31). Pol\inarors include 
insects, such as butterflies or bees. In other flowers, it may be bird or bat visitors that 
unwittingly carry out pollination. The pollinator is typically attracted by colour or scent 
(or both), and is rewarded by a sugar solution, called nectar, and pollen, which usually 
form a key part of the diet . In return, they accidentally transfer pollen between flowers and 
between plants. Thus, there is a mutualistic relationship between pollinator and plant in 
plant sexual reproduction. Alternatively, pollen may be transferred by wind or, occasionally, 
by running water. 
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Fert ilization in flowering plants can occur only after an appropriate pollen grain has landed 
on the stigma and germinated there. Fert ilizat ion is the fusion of male and fema le gametes to 
form a zygote. The pollen grain produces a pollen tube, which grows down between the cells of 
the style and into the ovule (Figure 9.32). Incidentally, the pollen tube delivers tu'o male nuclei. 
One of these male nuclei then fuses with the egg nucleus in the embr)O sac, forming a diploid 
zygote. The other fuses with another nucleus, triggering formation of the foo.:l store for the 
developing embr)O. This 'double fertilization' is unique to flowering plants 
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• The importan ce of pollinators - the surviva l of entire 
ecosystems 

More than 85% of the world's 250 OOO species of flowering plant depend on pollinators for 
reprcxluction. Without healthy populations of pollinators, plant life is threatened. Since green 
plants are at the heart of virtually every foo.:l chain, all life depends on plants, directly or 
indirectly (page 194). Terrestrial plant life, in addition to being the principal source of nutrients, 
determines the types of environment that are available for many other organisms. In tum, plant 
life is totally dependent on the activities of many other organisms. Consequently, survival of 
ecosystems, in general, is a prcxluct of this interdependence; this is the basis of the maintenance 
of biodiversity. 
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An example of interdependence comes from the tropical rain forests of Brazil. The Brazil nut 
tree (Benholktia excelsa) occurs in the countries of the Amazon region, widely dispersed in the 
rainforeststhere. KeyfeaturesoftheBrazilnutlifecydeareasfollows 

• The trees flower during the dry season, between October and December - a relatively short 
period in which pollination must occur. 

• The large flowers can only be pollinated by orchid bees - it is the female orchid bee that 
is the pollinator. Only a powerful, large-lxxlied bee can prize open the protective 'flower 
hood' and access the nectar, incidentally bringing about cross-pollination 

• The chief habitat of the orchid bee is undisturbed forest. Attempts to manage and maintain 
colonies of orchid bees on plantations have been unsuccessful. 

• The male orchid bees cannot mate successfully with the females without first visiting the 
flowers of small orchids that grow high on the branches of the canopy of the Brazil nut tree. 

• These orchid flowers are pollinated by the male orchid bee, which visit them for exposure 
to a perfume present in the waxy secretion that these flowers exclusively produce. 

• With this perfume, the male bees can compete for a mate, successfully breed, and so 
maintain orchid bee populations. Without the orchid bees and the epiphytic orchids, the 
Brazil nut trees would not be able to reproduce and produce seeds 

• After pollination, a further year elapses before the fruits develop. These contain 10- 25 
Brazil nuts (seeds) within an extremely hard shell. 

• The agouti , a large rodent, is one of very few animals able to access the tree's seeds, using its 
tough jaws to gnaw open the hard fruit shell 

• Once the seeds have been accessed, many are hidden away in the forest floor by the agouti, 
to be recovered in times of food scarcity. It is the forgotten stored seeds that eventually 
become tree seedlings, regenerating the Brazil nut tree populations of the Amazon. So, the 
survival of the agouti iscrucialtothesurvivaloftheBrazilnuttree,too. 

In the past, conservation has focused on individual species with seriously dwindling numbers. 
Now it is dear that an exclll'live attention to the survival of individual endangered species is 
mistaken - we need to protect entire ecosystems. 

• Seed formation and dispersa l 
The seed develops from the fertilized ovule and contains an embryo plant and a food store. 
Afterfertilization, thefollowingoccur· 

• The zygote grows by repeated mitotic division to produce cells that form an embryonic plant, 
consisting of an embryo root, an embryo stem and either a single cotyledon (seed leaf) or two 
cotyledons. (Remember, the phylum Angiospermophyta is divided into tl'U classes according 
to the number of cotyledons (seed leaves) present, page 230. The monocotyledons have a 
single seed leaf; the dicotyledons have two.) 

• Formation of stored food reserves is triggered. In many seeds, the dewloping food store is 
absorbed into the cotyledons, rather than remaining as a separate store that is packed round 
the embryonic plant. For example, this is the case in peas and beans (Figure 9.33). Note 
that formation of food reserves can only occur if fertilization occurs - in the absence of 
fertilization, food reserves are not mO\·ed into the unfertilized ovule 

As the seed matures, the outer layers of the O\'ule become the protective seed coat or test a and 
the whole ovary develops into the fruit . Next, the water content of the seed decreases and 
the seed moves into a dormancy period. In a mature, fully dormant seed, water makes up only 
10- 15% of seed weight. 
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• Flgure9.33 
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----- This drawing of a broad bean seed shows how structure can be recorded, once the seed has been 

vegetJblewhic:hwe examined. Now try with other seeds, such as a sunflower seed. 

:t~hatoriginates Seed dispersal is the carrying of the seed away from the parent plant 

a an ovary The seed is also a form in which the flrn,,ering plant may be dispersed. If offspring seeds 
rnntaining one eventually germinate some distance apart, there is more \ikelihcod they will not be competing 
seed for the same resources of space, water and light. 
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germlnaUon 

• The physio logy of seed germination 
Many seeds do not germinate as soon as they are formed and dispersed. Such seeds are said to 
have a dormant period and germinate only when this has elapsed. Dormancy may be imposed 
withintheseed,dueto: 

• incomplete seed development that causes the embr)U to be immature, and which is 

• the presence of a plant growth regu lator - abscisic acid, for example - that inhibits 
dewlopment, and which only disappears from the seed tissues with time 

• an impervious seed coat that is eventually made permeable - for example, by abrasion with 
coarse soil or by the action of micrcorganisms 

• a requirement for pre-chilling under moist conditions before the seed can germinate; some 
seeds need to be held at or below 5°C for up to 50 days (possibly the equivalent of winter in 
temperate climates). 

Once dormancy is overcome, germination occurs if the following essential external conditions 
aremet(Table9.7). 
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• Water uptake has occurred so that the seed is fully hydrated and the embr)O can be 
physiologicallyacth·e 

• Oxygen is present at a high enough partial pressure to sustain aerobic respiration. Growth 
demands a continuous supply of metabolic energy in the form of ATP that is best generated 
byaerobiccellrespirationinallthecells. 

• A suitable temperature exists, one that is close to the optimum temperature for the enzymes 
involved in the mobilization of stored foc:xl reserves, the translocation of organic solutes 
in the phloem, and the synthesis of intermediates for cell growth and development. fx>r 
example, wheat seeds germinate in the range 1- .35°C, and maize in the range 5- 45"C. 

The steps of germination are summarized in Figure 9.34. Note that a particular plant growth 
substance (known as gibberellic acid, GA) is produced by the cells of the embr)O. This growth­
promoting substance passes to the food stored in the cotyledons. Here, protein reserves are 
converted to hydrolytic enzymes which mobilize the stored foc:xl reserves. The main event is the 
production of the enzyme amylase which hydrolyses starch to maltose. This disaccharide is then 
h~·drolysed to glucose. The resulting soluble sugar (and other compounds) sustain respiration and 
also provide the building blocks for synthesis of the intermediates essential for new cells. 
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Design ing an investigation of the cond it ions for seed germ ination 
Samples of seeds can be set to germinate on damp filter paper in a Petri dish, but how many 
seeds per dish would make an appropriate sample, and how many different species might you 
test? Giwn this simple apparatus, )OU l'Ullld be able to investigate the effect of light (presence 
or absence), and perhaps temperature (low and room temperatures - unless you also have access 
to temperature controlled cabinets). More ambitious investigations might be of the effects of 
intense cold treatment on newly formed seeds, or the effects of brief and prolonged pre·soaking 
(in effect, the degree of hydration). Whatewr is investigated, there are the issues of appropriate 
controls, and the percentage of seeds in a sample that might be long·term dormant or non. 
viable.Whatstatisticaltestwould)Ollapplytoyourresults? 

• The contro l of flowering 
You will be well aware that plants flower at different times of the year; very many species have a 
precise season when flowers are produced. At other times, no flowers are formed on these plants. 

How iJ f!owcring swiiched on by envirornnemal condiiions! 
The answer is , in many cases, that day length provides imix>rtant signals and that a plant 

pigment molecule is involved in the flrn,,ering process. 

Plant development and phytochrome 
A blue- green pigment called phytochrome is present in green plants in wry low concentrations. 
The amount of phytochrome is not sufficient to mask chlorophyll, and it has been a substance 
that is difficult to isolate and purify from plant tissue, although this has now been done. 

Phytochrome is a very large conjugated protein (protein molecule and pigment molecule 
combined) and it is a highly reactive molecule. It is not a plant growth substance; it is a 
photoreceptor pigment that is able to absorb light of particular wavelength and change its structure 
as a consequence. It is likely to react with different molecules around it, according to its structure. 

Two forms of phyt och rome 

We know that phytochrome exists in two interconvertible forms 

• One form, referred to as PR, is a blue pigment which absorbs mainly red light of wavelength 
660nm (this is what the R stands for). 

• The other form is PFR, a blue-green pigment which mainly absorbs far.red light of 
wavelength730nm. 

When PR is exix>sed to light (or red light on its own) it is converted to PFR. However, in the 
dark (or if exposed to far-red light alone) it is converted \Jack to PR. 

light (or red light) 
(slow) (fast) 

darkness 
(slow) 

(or far-red light) 
(fast) 

Where plant growth and development are influenced by light, this is known as 
photomorphogenesis. Phytochrome is the pigment system involved in photomorphogenesis. 
We know this because the red- far.red absorption spectrum of phytochrome corresix>nds to 
the action spectrum of some specific effects of light on development. (See page 122 if you hm·e 
forgotten the terms 'absorption spectrum' and 'action spectrum'.) 

It appears that it is PFR that is the active form of phytochrome, stimulating some effects in 
plant development and inhibiting others. In particular, PFR controls of the onset of flowering. 



• Rgure9.35 
Flowerlng related to 
day length 
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Photoperiodism is the response of an organism to changing length of day. In fact, it is the 
length of the dark period in the 24-hour cycle that is important, as we shall see. The plants in 
which flowering is controlled by day length fall into two categories (Figure 9.35). 

• Short-day plants - these are plants which flower only if the period of darkness is longer than 
a certain critical length. If darkness is interrupted by a brief flash of red light, the plant will 
not flower (but this effect is reversed by a subsequent flash of far-red light~ 

D I111erpre1aiio11: phytochrome in PFR form inhibits flowering in short-day plants. The very 
long nights required by short-day plants allow the concentration of Prn to fall to a low 
level , removing the inhibition. A flash of light in the darkness reverses this, but a flash of 
far-red light reverses the reversal and flowering still takes place. 

• Long-day plants - these are plants which flower only if the perkxl of uninterrupted darkness 
is less than a certain critical length each day. 

D I111erpre1aiio11: phytochrome in PFR form promotes flowering in long..day plants. The long 
period of daylight causes the accumulation of PFR, because PR is converted to PFR· 

long-daypla nts .e.g.bartey.wl>ea~ do,er. spioach.rosemallow 

1:c=,1::r= --= -= -= --= ) ~ ) ) 
longn,cj,t.broken short nigh\ Jon g ni ght Jongnglt.broken 
by l,cj,tllash byl"}htflash 

00..,.,,., fiowemg nofk,we,ing flowe,ing noflowmr,g flov.eling 

L~~plantsrealyneedsuffident expos..-e to l"}hl 
(will llowermmtquidlyilheld in unintenuptedlglt) 

K•y 24ho..-s 

-= night day 

• Flowering invo lves a change in gene expression in t he 
shoot apex 

The structural switch from vegetath·e growth to flcw,ering occurs in a stem apex, yet it is the 
leaves below that are sensitive to day length. For example, a leaf that has been exposed to the 
correct photoperiod, if immediately grafted onto a non-induced plant of the same type, will 
cause flowering there. Consequently, it was earlier assumed that a growth regulator substance is 
formed in leaves under the correct regime of light and dark, and is transported to the stem apex 
where it causes the switch in development. This growth substance was named 'florigen', but it 
was never detected 

Today it is known that mRNA molecules and proteins, coded for by specific genes, can also 
function as growth substances. It is molecules of this sort that appear to be transported about 
the plant via the plasmodesmata and the symplast pathway (page 375). 

Currently, it is suggested that a gene ('flowering locus' - fT) is actinued in leaves of 
photoperiodically induced plants. As a consequence, it is FT mRNA that then trawls from 
induced leaves to stem apex. In the cells of the apex, the IT mRNA is translated into FT 
protein. This protein, bonded to a transcription factor, activates several flowering genes and 
switches off the genes for wgerath·e growth (Figure 9.36). 
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• Examination questions -
a selection 

Questions 1-4 are taken from IB Diploma biology 
papers. 

Q1 The diagram shows a section through a typical 
dicotyledoneous leaf. 

Which correctly identifies the main functions of 
the structures labelled X, Y and Z? 

A Support Gasexchange Photosynthe1is 

B Transport Photosynthesis 
Pfoductsof 
photosynthesis 

C Gasexc:h,mge 

D Transportwater support 

Light.ib'iOrpUon 

Gas exchange 

Higherlevelf'ap0" 1, rimezoneo, Nw 12, Q31 

Q2 In which modified structures are sugars stored in 
an onion bulb? 
A Stems 
B Roots 
C Flowers 
D Leaves 

Higher Level Paper 1, nmezone 1, May 13, QJI 

Q3 The diagram shows a cross-section through a leaf. 

Examination questions - a selection 411 

What is the relationship between structures 
Xand Y? 
A Y causes X to open allowing water to exit 

theleafwhenwaterisscarce. 
B Y responds to abscisic acid by dosing X to 

prevent water loss. 
C Y responds to gibberellin by opening X to 

allow water loss. 
D Y causes X to dose to increase transpiration. 

Higher Leve/Paper 1, nmezone2, May 13, Q32 

Q4 What is the role of P1r in plants? 
A To promote flowering in long-day plants 
B To promote flowering in short-day plants 
C To inhibit flowering in long-day plants 
D To inhibit flowering in both long-day plants 

and short-day plants 
HigherLe1e/Paper I, Time Zone 0, Nov 12, Q33 

Questions 5- 10 cover other syllabus issues in this 
chapter. 

QS a Outline the different processes that happen 
during the germination of a named 
dicotyledoneousseed and indicate the 
name of the hormone that is involved in this 
process. (4) 

b List the hormones that are involved in 
metabolic processes in plants with their 
corresponding role. (3) 

c By means of a table, distinguish between 
the structure of monocotyledonous and 
dicotyledonous plants. (4) 

Q6 The leaf is the site of the bulk of photosynthesis 
in the flowering plant. Outline, by means of 
concise notes, five structural features of leaves 
that specifically favour photosynthesis and the 
waystheymayenhancethisprocess. (S+S) 

Q7 a Define transJocation and transpiration. (4) 
b Identify the sources of energy for movement 

of substances in: 
i translocation 
ii transpiration. (4) 

c By means of a fully annotated drawing, 
describe the structure of phloem tissue. (6) 

d List the structural features of phloem tissue 
thatarenotshownbyxylemtissue. (3) 

e Outlinetheessentialfeaturesofthemass 
flow hypothesis of phloem transport. (6) 
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QS a Draw a fully labelled half-flower diagram 
of an insect-pollinated flower you have 
studied. (6) 

b State what insects may visit this flower. (1) 
c ldentifythefeaturesofthisflowerthatmay 

attract insects. (3) 
d Explain how pollination is brought about in 

this flower. (4) 

Q9 a List the ways guard cells of stomata differ 
from the ordinary epidermal cells around 
them. (3) 

b Explain why stomata! pores dose as leaves 
wilt, irrespective of whether the leaf is in the 
light or dark. (2) 

c Outline the ideal conditions for stomata to 
be fully open. (4) 

Q10 a Describe the role of far-red absorbing 
phytochrome (Pfr) and how the switch to 
flowering is a response to the length of light 
and dark periods in many plants. (4) 

b Distinguish between pollination, fertilization 
and seeds dispersal. (3) 

c Describe the adaptations of plants when 
growing in saline soils. (4) 



ffl Genetics and evolution 

• Meiosis leads to independent assortment of chromosomes and unique composition of 
alleles in daughter cells. 

• Genesmaybelinkedorunlinkedandare inherited accordingly. 
• Gene pools change over time. 

The painstaking experiments of Gregor Mendel (Figure 3.15, page 149) were overlooked in 
his lifetime. Yet, later, they provided the foundations for modern genetics, once the work was 
rediscovered. The discovery of exceptions to his 'Laws', in particular, led to major advances in 
genetics. Here, we learn more of Mendel's work and its rediscovery, after an examination of the 
behaviour of chromosomes in meiosis. Finally, the roles of genes in speciation and, hence, in 
evolution are discussed 

1 0 .1 Mei OSi S - meiosis leads to independent assortment of chromosomes and 
unique composition of alleles in daughter cells 

Meiosis is an essential event in any \ifecycles that include sexual reproduction, because at 
fertilization the chromosome number is doubled. 

The events in meiosis have already been established in Chapter 3. Meiosis is a nuclear 
division that is slower and more complex than mitosis, because it involves two successive 
divisions of the nucleus (meiosis I and meiosis II). We have seen that in meiosis I the 
homologous chromosomes separate, and that in meiosis II the chromatids separate. 

Takealookaithesepoin1s , shoominFigure3.9onpage 143, now. 

• Chromosomes rep licate in interphase before meiosis 
The sequence of cell-cycle events of interphase (Figure 1.56, page 51) that precedes mitosis also 
precedes meiosis. 

Remember, chromosomes replicate to form chromatids during interphase, well before 
nuclear divisions occur. Equally important is the fact that there is no interphase between meiosis 
I and II, so no replication of the chromosomes occurs during meiosis 

• The process of meiosis 
Once started, meiosis proceeds steadily as a continuOll'i process of nuclear division. The steps of 
meiosis are explained in four distinct phases (prophase, metaphase, anaphase and telophase), 
but this is just for convenience of analysis and description - there are no breaks between the 
phases in nuclear division. 

The behaviour of the chromosomes in the phases of meiosis is shown in figure 10.1. 
For clarity, the drawings show a cell with a single pair of homologous chromosomes. 

Meios is I 
Prophase I 

What happens to chromosomes during prophase I is especially complex. They appear, when 
viewed by light microscopy, as single threads with many tiny bead-like thickenings along their 
length. These thickenings represent an early stage in the process of shortening and thickening 
by coiling that continues throughout prophase. This packaging of DNA in the chromosome 
is shown in figure 1.60, page 56. Of course, each chromosome is already replicated as two 
chromatids, but individual chromatids are not visible as yet 
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As the chromosomes continue to thicken, homologous chromosomes are seen to come together 
in specific pairs, point by point, all along their length. The product of pairing is called a 
bivalent. Remember, in a diploid cell each chromosome has a partner that is the same length 
and shape, and has the same linear sequence of alleles. 

The homologous chromosomes of the bivalents continue to shorten and thicken. Later 
in prophase, the individual chtomosomes can be seen to be double-stranded, as the sister 
chromatids (of which each consists) become visible. 
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Exchange of genetic material - crossing 0t1er 

Within the bivalent, during the coiling aOO shortening process, breakages of the chromatids 
occur frequently. Breaks are common in non-sister chromatids, at the same points along their 
lengths. Broken ends rejoin more or less immediately but, where these 'repairs' are between 
non-sister chromatids, swapping of pieces of the chromatids occurs, hence the term 'crossing 
O\"er'. Once crossing oYer is complete, the non-sister chromatids continue to adhere at that point, 
called a chiasma (plural, driasmata). The chiasma stabilizes the bivalent 

Exchange of a lleles - th e outcome of ch iasmata between non-sister chromatids 

Virtually every pair of homologous chromosomes forms at least one chiasma at this time, and to 

have two or more chiasmata in the same bivalent is \·ery common (Figures 10.2 aOO 10.3) 
Chia.smata increase genetic variability because the process results in the exchange cir.NA between 

maternal and paternal chrorra.omes. Remember, crossing over can occur many times aOO between 
different chromatids within each bivalent. So, crossing01-ercan produce new combinations of alleles on 
thechror!Xl'lOll\esofthehaploidcellsthatarefinallyformedbymeiasis,follc~,,edbycytokinesis. 

Then, in the later stage of prophase I, the attraction and tight pairing of the homologous 
chromosomes eOO, but the attraction between sister chromatids remains for the moment. This 
attraction of sister chromatids keeps the bivalents together. The chromatids are now at their 
shortest and thickest. 

Later still, the centrioles present in animal cells (page 21) duplicate, and start to move apart 
as a prellKle to the formation of the spindle. Plant cells are without a centriole. 

Finally, the disappearance of the nucleoli and nuclear membrane marks the end of prophase I 

1 Homologousct.~­
rommeocingpairingtofom,abNak>nt 
astheyrnntin<.etoshorteoandthid<l'n 
bycoiing 

~~ 28reaKage<ocrur inpa,aHelnon.·sister 
~~chrnmabdsatidenticalpo,nts 

3Repiningof~.si,terct.omatids / 
f<lITT"!Schmmatl / 

==­== 
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• Flgure10.3 

Photomicrograph 

together by 

Drawing diagrams to show chiasmata formed by crossing over 

Diagrams of chiasmata should show sister chromatids aligned, except at the point where crossing 
over occurs and a chiasma forms. So chiasmata appear as X·shaped structures at one or more 
points between four long thin chromatids of two tightly paired homologous chromosomes. At a 
later stage in )'Ullr sequence of drawings, the tight pairing of the homologous chromosomes ends, 
but the sister chromatids remain connected. Of course, the use of t,vo colours in your diagrams 
is e,sential. Figure 10.2 shows how chiasmata formed by crossing O\·er can be shown in a 
diagram, and this is further explained in Figure 10.5, page 419. 

Metaphase l 

Once spindle formation is complete, the bivalems become attached to individual spindle 
microtubules by their centromeres. The bivalents are now arranged at the equatorial plate of the 
spindle framework - we say that they line up at the centre of the cell. By the end of metaphase I, 
the members of the bivalems start to repel each other and separate. 

However, at this point, they are held together by one or more chiasmata and this gives 
temporarybutunusualshapestothebivalents. 

Anaphase I 

The homologous chromosomes of each bivalent now move to opposite poles of the spindle, but 
with the individual chromatids remaining attached by their centromeres. The attraction of sister 
chromatids has lapsed and they separate slightly - both are clearly visible. However, they do not 
separate yet, but go to the same pole. Consequently, meiosis I has separated homologous pairs of 
chromosomes, but not the sister chromatids of which each is composed. 

Telophase I 

The arrinil of homologous chromo,omes at opposite poles signals the end of meiosis I. 
The chtomosomes tend to uncoil to some extent and a nuclear membrane reforms around both 
nuclei. The spindle breaks down. However, these t...u cells do not go into interphase, but rather 
continue into meiosis II, which takes place at right angles to meiosis I 

Meiosisllisremarkablysimilartomitosis. 

Meiosis II 
Prophase II 

The nuclear membranes break dov.n again, and the chromosomes shorten and rethicken by 
coiling. Centrioles, if present, move to opposite poles of the cell. By the end of prophase II the 
spindle apparatus has reformed, but is present at right angles to the original spindle. 

Metaphase ll 

The chtomosomes line up at the equator of the spindle, attached by their cemromeres 
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A n aphase II 

The centromeres divide and the chromatids are pulled to opposite poles of the spindle, 
centromeresfirst. 

Teloph ase II 

Nuclear membranes form around the four groups of chromatids, so that four nuclei are formed 
Now there are four cells, each with half the chromosome number of the original parent cell. 
Finally, the chromatids - now recognizable as chromosomes - uncoil and become apparently 
dispersed as chromatin. Nucleoli reform 

The process of meiosis is now complete, and is followed by division of the cells (cytokinesis, 
page SS) 

• M eios is and genetic variation 
The variation in the genetic information carried by different gametes that arises in meiosis is 
highly significant for the organism, as we shall see. The four haploid cells produced by meiosis 
differ genetically from each other because of independent assortment of chromosomes and 
crossing over. 

Independent assortment of maternal and paternal homologous 
chromosomes 
The way in which the bh11lents line up at the equator of the spindle in meiosis I is entirely 
random. Which chromosome of a given pair goes to which pole is unaffected by (is independent 
of) the behaviour of the chromosomes in other pairs. This was introduced in figure 3.9 
(page 143), but it is represented again here in terms of the critical steps in meiosis where it occurs 
(Figure 10.4). These illustrations show a parent cell with only four chromosomes, for clarity. 
Of course, the more bh11lents there are in the nucleus, the more variation is possible. In humans, 
there are 23 pairs of chromosomes, so the number of possible combinations of chromosomes that 
can be formed as a result of independent assortment is 22J. This is over 8 million 

Crossing over of segments of ind ividual maternal and paternal 
homologous chromosomes 
Crossing over results in new combinations of genes on the chromosomes of the haploid cells 
produced by meiosis, as illustrated in Figure 10.5. The process generates the possibility of an 
almost unimaginable number of new combinations of alleles. For example, if we were to assume, 

_____ for sake of discussion, that there are 30 000 individual genes on the human chromosome 
1 Distinguish the complement, all with at least t\\U alternative alleles, and that crossing over was equally likely 

ern'lllial diflerences between any of these genes, there would be z .lO ro.i different combinations of alleles. Of course, 
these assumptions could be inaccurate to varying extents, but the point that many, many allele ,iiiiii combinations are possible is undeniable. 

" Mak ing careful observations 

• A note on recombinants 
Offspring with new combinations of characteristics, different from those of their parents, are 
calledrecombinants. 

Recombination in genetics is the reassortment of alleles or characters into different 
combinations from those of the parents. We have seen that recombination occurs for genes 
located on separate chromosomes (unlinked genes) by chromosome assortment in meiosis 
(Figure 10.4), and for genes on the same chromosomes (linked genes) by crossing over during 
meiosis(Figure\0.5). 

In Section 10.2, we look at the linkage of genes in more detail. At this stage we should just 
note that it was careful observation and record keeping which first disclosed anomalous data 
that could not be accounted for by Mendel's Law of independent assortment (page 420). It was 
the work of Thomas Morgan (page 423) and others that led to the notion of linked genes - a 
factor that accounted for many of these anomalies. 
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10.2 Inheritance -genes maybe tinkedorunlinked and are inherited 
accordingly 

There are many thousands of genes per cell in an organism, whereas the number of 
chromosomes is often less than 50 and rarely exceeds 100. Each chromosome consists of many 
genes - it may be thought of as a linear sequence of genes that are all linked together; gene loci 
are said to be linked if they occur on the same chromosome. Obviously, these genes tend to be 
inherited together. 

• Non-Mendelian ratios led to the d iscovery of linkage 
This phenomenon of linkage was discovered in breeding experiments where discrepancies 
arose between expected results (as a consequence of Gregor Mendel's laws) and the ratios 
actually obtained. We will examine the discovery and consequences of linkage, shortly. 

First, we look into the inheritance of pairs of unlinked genes. The pioneering work of 
Mendel was introduced in Figure 3.15 (page 149). Mendel's experiments also included the 
simultaneous inheritance of two pairs of contrasting characters, using the garden pea plant. 
Unknown to Mendel, of course, these characters were controlled by genes on separate 
chromosomes - they were unlinked. Unlinked genes segregate independently as a result 
of meiosis. Mendel referred to this type of cross, involving two pairs of characters, as a 
dihybrid cross. 

• The dihybrid cross 
Mendel crossed pure-breeding pea plants (P generation) from round seeds with yellow 
cotyledons (seed leaves) with pure-breeding plants from wrinkled seeds with green cotyledons 
All the progeny (F1 generation) were round, yellow peas 
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Mendel's F, 
generation 

• Flgure10.6 
Mendel'sdlhybrld 

When plants grown from these seeds were allowed to self-fertilize the following season, the 
resulting seeds (Fi generation) - of which there were more than 500 to be classified and counted ­
were of the following four phenotypes, and they were present in the ratio shown in Table JO.I 

Phenotypes 

0 

round'>eedwith rouodseedwith 
yellowrntyk>dom greenrntyledom ye llowrntyledons greenrntyledom 

planr,grownfrorn 

0 

all roood. 
yellow peas 

0 

wrinkled 
yellow 

0 0 
Mendel noticed that two new combinations, not represented in the parents (i.e. recombinations), 
appeared in the progeny; both round and wrinkled seeds appear with either green or yellow 
cotyledons. From this result, it can be seen that the t'M> pairs of factors were inherited 
independently and, therefore, were on separate chromosomes. Mendel had noticed that either 
one of a pair of contrasting characters could be passed to the next generation. This meant that a 

-,-,0-,-,,-,.-.,-,.-- heterorygousplant must produce four types of gametes in equal numbers (Figures 10.6 and 10.7) 
Identify the Mendel did not express the outcome of the di hybrid cross as a succinct law. However, today 
progeoythatare we call Mendel's Second Law the Law of independent assortment. It is stated as: 
a heterozygous Two or more pairs of alleles segregate independently of each other as a result of meiosis, 

_ ,_ ,._rn_m_bin_ao_<s _ provided die genes concerned are not linked by being on the same chromosome. 

• Punnett squares for dihybrid traits 
Notice the use of a Punnett square diagram to predict the outcome of a breeding investigation in 
which independent assortment of alleles is occurring (Figure 10.7). By this device, every possible 
combination of maternal and paternal gametes - the product of random fertilization - is made. 
There are shown as many rows/columns as there are unique male and unique female gametes. 
Each fraction represents the probability that a particular gamete or zygote will occur. 

The relationship between Mendel's Law of independent assortment and meiosis is detailed in 
Tablel0.2. 
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gameteareequallyrnmmon. Theinheritanceofthe 
twochar..cterislic1isseparate 

Gene linkage 

Eachchmmosomeholdsalinearsequenceofgenes 
Apartic ulargeneatwaysocrnrsonthesame 
chrnm0:<.0me in the same position {locus) after e..ch 
nudeardivi1ion 

Thectiromosomesofacellcxrnrinpairs.called 
homok}gompairs 
Oneofeachpaircameoriginallyfromeachparent 

Attheendofmeios.is.e..c:hcl'll(gamete)rnntaima 
single member of each of the homologous pairs ol 
chmmosomespresent intheparentcell 
Thegenesforseeds.hapeandseedrnlaurareon 
separate chromosomes. 
Thearrangementofbivak>ntsattheequatorialplate 
of the ~ndle is random; maternal and p.itemal 
homologous diromo10mes are independently assorted 
lnalargenumberofmatings.allpossibk>combinations 
ofdirnmosome1will ocrur inequalnumbers 

After the rediscovery of Mendel's work in the early 1900s, geneticists investigated other dihybrid 
cl'O&es in order to confirm his results. For example, William Bateson and Reginald Pun nett (who 
had devised the 'Punnett square') crossed pure-breeding sweet pea plants with purple flowers and 
long pollen grains with plants having red flowers and round pollen grains. All the F1 plants were 
purple-flowered with long pollen grains. This shows that the allele for purple flower is dominant 
over the allele for red flower and the allele for long pollen is dominant over that for round pollen. 

When the F1 =re self.crossed, however, rro,t of the dfspring resembled the parental phenotypes, 
but with a small ruJmber of recombinants. The actual resulrn obtained are shown in Figure JOB. 

-,-,-
gametes 

offspring(F1) 

offspring(F2): 

heterozygous 
p<Xpleflowers. 

"'""""" 

purpH'llowerloogpollen p..-plellowerrnoodpolk>n redflowerloogpollen red /lower round pollen 

• Rg ure 10.8 An example of linked genes In the sweet pea plant 
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the origin of 
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The Mendelian ration of9:3:3:l had not been obtained. Since most of the F2 offspring 
resembled the parental phenotypes (with a small number of recombinants) it seemed reasonable 
to conclude that the genes for flower colour and p:,\1en shape were present on the same 
chromosome. If so, these genes were linked - they did not segregate in meiosis , but were 
inherited together. 

Notice that in crosses involving linkage, the alleles are typically shown as vertical pairs: 

F E 
fe 

ratherthanas FfEe,forexample. 

• What caused the recombinants in the sweet pea experiment? 
Well, if the genes concerned were on the same chromosome, when the F1 plants were cros.sed, 
the appearance of the F2 offspring depended on whether a chiasma formed between these alleles, 
or elsewhere along the chromosome during meiosis in gamete formation. Look ar Figure 10.9 now. 
Here, the consequence of a chance chiasma - and its location - is made clear. 

(Notethat"E"and"e"havebeenchosentorepresenttheal elesfor"long"and"sho<t'.rathe,lhan 
"L"and 1" becausethek>werandup!"-'fcase "L"sa,eeasilymistaken. Tstandsforelor>gilred.) 

'-,-------' 
theprngenyJ)JO<Lcr fmmthesega,,..,tes the prngef':,' producr fTom these gametes 

:::;•::~.::.r.:a, "" } """"'"""""""' j ''~";'' '"" 
::!, , . comb,na nttypHduelocrossmg~e,~ ---;-;- (purpleftowerselongatedpollro) 

F • F • f • 
-;-:- --:-:- (purple flowers mood JJOllen) ---;-:- (n,d flowers round polH'n) ~it~r.~I\C} 

and r•com b1na nttyp•duelo reassorlmel\l 

f E f E FE 

1 
E 

1 
• (redflowm elongated pollen) ---;-:- (purple flowers elongatedpollen) 

• Drosophila and the work of Thomas Morgan 
Drosophila melanogasrer (the fruit fly) was first selected in 1908 by an American geneticist, 
T homas Morgan, as an experimental organism for his series of investigations of Mendelian 
genetics, in this case in an animal. The remarkable breakthroughs in understanding that 
Morgan achieved resulted in the award ofa Nobel Prize in 1933. 
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His experimental work 

• showed that non-Mendelian ratios are commonly obtained in breeding experiments with 
Drowphila - but not always 

• established that Mendel's 'factors' are linear sequences of genes on chromosomes (this is now 
called the Chromosome Theory of Inheritance) 

• discovered sex chromosomes and sex linkage (page 158) 

• demonstrated crossing over and the exchange of alleles between chromosomes, resulting from 
the chiasmata that form during meiosis. 

Drosophila is an organism that commonly occurs around rotting ,·egetable material , existing in 
a form called a 'wild type' (a non-mutant form) and in nuious naturally occurring mutant forms 
(Figure 10.10). This animal rapidly became a useful experimental animal in the study of genetics 
because· 

• Drowphila has only four pairs of chromosomes (Figure 10.10). 

_____ • from matingtoemergenceofadultflies (generation time) takes about IOdaysat 25°C 

m~•mt bytheterm 
·mutant· 

• a single female fly produces hundreds of offspring 

• the flies are relatively easily handled, cultured on steriliied artificial medium in glass bottles 
(they can be temporarily anaesthetized for setting up cultures and sorting progeny). 

• Flgure10.1 0 w ild-type Dro,ophila ebony body 

WIid-type Drosophila 

vestig ia l w ing 

compound eye threepairsoffegs 

:::rp..::ofmale

9 

,}},( 

Drosophila and the dihybrid cross 
First, we will consider a di hybrid cross in Drowphila. involving unlinked genes. In this 
experiment we are crossing normal flies (wild type) with flies that are homoz~-goll'i for vestigial 
wing and ebony body (Figure 10.10). These characteristics are controlled by genes that are 
located on separate autosomal chromosomes (chromosomes other than the sex chromosomes, 
pagel58). 



• Flgure10.11 
Adl hybrldc ross 
In Drosophila -a 

5 Constructa 
genetkdiagram 
for thedihybrid 
uossshown in 
Figure10.11.u1ing 
thel;iyoutgiven 
inFigure10.7 
Determine the 
genotype and 
phenotype ratios of 
the offspring of the 
F,generation 

• Table10.3 0 bserved 
and expected offspring 
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The prediction of genotype and phenotype ratios in a dihybrid cross involving 
unlinked autosomal genes 

After )OU have examined Figure 10.11 , respond to question 5. This requires you to determine the 
genotype and phenotype offspring of the F2 generation raised in Figure 10.11. 

Drowphj/av.i th 
oormalv.ingand"°""'"bo<t,, 

{wikltwe) 

Drosophj/awith 
vestigialwingandebonytJody 

{mutant form) 

normal wing 
normal body 

oormalwing 
ebony Dody 

(sibling crosses) 

vestigialv.ing 

""""""""' 

Probabili ty and chance in genetic crosses - the ch i-squared test 
We know the expected ratio of offspring of a di hybrid cross is 9:3:3:1. Actually, the offspring 
produced in many dihybrid cro,s experiments do not exacily agree with the expected ratio. This is 

illustrated by the results of the experiment with mutant forms of Drosophila, shown in Table 10.3 

Offspr1ng In F, normal w;ng. normal wing. 
generation · greybody • 315 ebonybocly•108 

Expected 
numbers of 
offspring 

vestigial wing. 
qreybody • 101 

vestigial wing. 
ebonybody • 32 

Oearly, these results are fairly close to (but not precisely in) the predicted ratio 9:3:3:1 

Whai,ifanything,twmwrong:' 

total 
•556 

Well , we can expect precisely this ratio among the progeny only if three conditions are met 

• fertilization is entirely random 

• there are equal opportunities for survival among the offspring 

• very large numbers of offspring are produced. 

In the above experiment with Drosophila, the exact ratio may not be obtained because, for 
example: 

• more male flies of one type may have succeeded in fertilizing females on this occasion 

• more females of one type may have died before reaching egg laying condition 

• fewer eggs of one type may have completed their development 
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Calculat lngx' 

• Table 10.5 
Table of f 

Similarly, in breeding experiments with plants, such as the pea plant, exact ratios may not be 
obtained. This could, perhaps, be due to parasite damage to some seeds or plants, to the action 
of browsing predators on the anthers or ovaries in some flcw,ers, or because some pollen types 
fail to be trnnsported by pollinating insects as successfully as others. Such accidental events are 
quite common. 

The chi-squared test on data from a d ihybrid cross 
Experimental geneticists often ask the question· 

'Do the observed values differ significantly from the expected outcome? ' 
For example, for the sorts of reasons discussed above 
This question is resoked by a simple statistical test, known as the chi-squared ():'.l) test . 

This is used to estimate the probability that any difference between the observed results and the 
expected results is due to chance. If it is not due to chance, it may be due to an entirely different 
explanation and the phenomenon needs further im·estigation. 

1l1e chi-squared():'.1) test (alsoonpagesl88- 191) 

Xl"' "L (O -t )2 

where; 
O"'observedresult 
E =expectedresult 
!: "'thesumof 

Chi-squared applied 
We can test whether the observed values obtained from the dihybrid cross between Drosophila 
of normal flies (wild type) with flies homozygous for vestigial wing and ebony body differ 
significantly from the expected outcome 

Firstwecalculate):'.•(Table!0.4). 

Category Predicted (0- E)' (O- E)1/ E 

normalwin9.nmmal body 9 

normalwin9.ebooy body 

ve1t19ialwin9.norm.al body 
vestigialwing, ebony body 

lnthisexamplewehavecakulated):'.ztobe0.47. 

To see if this value of chi-squared represents a significant difference between observed and 
expected results, we now consult a table, such as that shown in Table 10.5, of the distribution of 
):'.z. We can find out the probability (P) of obtaining by chance alone a deviation as large as (or 
larger than) the one we have observed. 

Note that the table takes account of the number of independent comparisons involved in our 
test. In our example, there were four categories and, therefore, three comparisons were made -
we call this 'three degrees of freedom (df)'. (Another way of putting this is that for any one 
condition there are three alternatives.) So, we look along the row 'df"' 3' to see whether 0.47 lies 
to the left or to the right of the 0.05 level of probability (shown in red) 

Degreesof Probablll t y greaterthan 
f reedom o.99 o.95 0.90 

Using the i distribution table, we can resoh-e whether the difference between the result we 
expected and the result we actually observed is due to chance - or whether the difference is, in 
fact,significant 
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• If the value of x1 is bigger than the critical value highlighted in red (a probabilityof0.05) 
then we can be at least 95% confident that the difference between the observed and 
expectedresultsissignificani 

• If the ,11.lue of x1 is smalkr than the critical ,11.lue highlighted in red (a probabil ity of0.05) 
then we can be confident that the difference between the observed and expected results is 
duew ch.a11ce 

In biological experiments we take a probability of 0.05 or larger to indicate that the 
difference between the observed (0 ) and expected (E) results is not significant. We can say 
it isdue tochance. 

In this example, the value (0.47) lies between a probability of 0.95 and 0.90. This means 
that a deviation of this size can be expected 90- 95% of the times the experiment is carried out 
(due to chance). So, there is dearly no significant deviation between the obsen'ed (0) and the 
expected(E)results;thedataconformstoaMendelianratio. 

The chi-squared test is similarly applicable to the results of other test crosses. 
In any chi-squared test that produces a significant deviation of observed from expected 

results (does 1w1 confirm that the results conform to the anticipated ,11.lues) by giving a ,11.lue 
for Xl that is bigger than the critical ,11.lue and a ptobability that is smaller than 0.05), we must 
reconsider our experimental hypothesis. In this outcome, the statistical test gives no clue as to 

the true location or behaviour of the alleles. Further genetic investigations are required. 
We will consider examples of non-Mendelian ratios, next 

6 In the dihybrki test cross between homozygous dwarf pea plants with termln; I flowers (ttaa) and 
heterozygous tall peaplantswith; !<.l ; lflowers (TtAaX the progenywere 
• tall.axial •5Speas 
• t.ill.te1minal•Slpea1 
• dwarf.axi.il • 49pea1 
• dwarf,terminal•53 peas 
Usetheftestto determlne wheth!.'f ornotthedifferencebetweentheseobse1Ved1esuttsandthe 
expectedresult1is1ignificant 

r 
Looking for patterns, trends and discrepancies 

• Non-Mendelian ratios in Drosophila 
It was Thomas Morgan who, by careful observation and record keeping, made the discovery of 
linkage in Drosophila. Like others, he was aware of Mendel's discoveries. The genetic cror.ses he 
conducted gave results at odds with the expected Mendelian ratios. The cross in Figure 10.12 
is one example. Here, a fl y homozygous for ebony lxxly and curled wing was crossed with a fly 
heterozygous for normal body and straight wing. Note that the characteris.tic 'curled wing' i.s 
different from the characteristic 'vestigial wing' shown in Figure 10.10 (a cross concerned with 
contrasting characteristics controlled by genes on separate chromosomes) 

This experiment, and many others, confirmed the existence of linked genes in Drosophila. 

Identification of recombinants in a cross involving two linked genes 
Using the annotated cross shown in Figure 10.12 as a guide, answer question 7 below. 

TOK link 
The Law of independent arnntment was 100n found to have excepliom. such as when looking at linked 
genes. What is the diffl'fence between a ·1.iw· am! a "theOf)I' in science/ 

;!{~~~~~\may • Polygenes and continuous variation 
cross inYOlving the We began the story of genetics in Chapter 3 with an investigation into the inheritance of height 
linked genes in the garden pea (page 149), where one gene with two alleles gave tall or dwarf plants. This f~i dear-cut difference in an inherited characteristic is an example of discontinuous or discrete 

_____ variation - there is no intermediate form and no overlap between the two phenotypes 
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parental(P) 

--
--

offspring(F1) ---... 

Oneoltheftupai"ofch--inDrrucphila 
carriestheallek,sforthegenesforboth 
bodycoloor - 110Jmal(GGorGg)orebooybody(gg) 
wir,gform - mai,jlt(SSorSs)orc,.ledwir,g(ss) 

a(maH')homoz)'CJOUSrecesWeffy 
withebonybodyandcurledv.ir,g 

' ' 
'. 

00""'"''"" 
slfaightwillg 

'. 
'. 
-"""' curled wing 

between genes 

GS g s 

,. 
'. 

oo=<OO<fy 
rurledwing 

1/fthesegeneswereoosepa,atechf~--wouklexpect theseoffspringinthe@tio 1,1:1:1, 
botthesegenesan,inked; 

2/foocrossingOYe<omned.....,wouklexpectparentaltype<ooly,inthe,atiol:1; 

Theoutcomeofthisuperimentwas: 

Offspring Phenotypes Genotypes 

""""""""' '' parental types 
slfaightwing '. _ .... , '. 
curled wing '. 
""""""""' 

,. 
curled wing '. 
-"""' _t1_ 
slfaight"'ng '. 

a(female)heterozygousflywith 
nonnalbodyandstrai,jltwing 

_t1_ 

'. 

ifchiilSmaocu.-s 
betweengelll'< 

Gs g S 

-"""' stra,cj,twing 

3 Themajorityofoffspfingwereparentaltype<,sowecancoocludethatfewch!ils.mataocc,.,ed 
berweenthegenelocioftheselinkedgenes 

• Fi gure 10.1 2 A non-Mendellan rauo In a Drosophila cross 

In fact, wry few charncteristics of organisms are controlled by a single gene. Ma,tly, 
characteristics of organisms are controlled by a number of genes. Groups of genes which together 
determine a characteristic are called polygenes. 



• Flgure10.13 

Human height as a 

caseofpolygen lc 
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Polygenic inheritance is the inheritance of phenotypes that are determined by the 
collectiveeffect of sewral genes. 

The genes that make up a polygene are often (but not necessarily always) located on 
different chromosomes. Any one of these genes has a very small effect on the phenotype, but 
the combined effect of all the genes of the polygene is to produce infinite variety among the 
offspring.Thisvarietywerefertoascontinuousvariation 

Many features of humans are controlled by polygenes, including body weight and height. 
The graph of the variation in the heights ofa population of 400 people, Figure 10.13, shows 
continuous variation in height between the shortest at 160cm and the tallest at 186cm, with a 
mean height of 173cm 

Humanh•ighti,detennOnedqe...,ticaly 
byinte,..ctionsofthea lteiesofseveral =~i::.:::,d at loci on 

~:~aa~:ninth• h• ightof adult 

Theneml!5cluste,aroundameanvalue 
and showanonnal distfibotion. For the 
?UfJlO"'Olthegraph.theheigh!5are 
collected;ntoarbitrarygroups.eachof 
aheight,ar,geolZcm 

Human skin colour 
The colour of human skin is due to the amount of the pigment called melanin produced in the 
skin. Melanin synthesis is genetically controlled. It seems that three, four or more separately 
inherited genes control melanin production. The outcome is an almost continuous distribution 
of skin colour from very pale (no alleles coding for melanin production) to very dark brown (all 

----- alleles for skin colour code for melanin production). 
8 Derive the ratio In Figure 10.14, polygenic inheritance of human skin colour imu lving only two independent 

of phenotypes genes is illll'itrated. This is because dealing with all four genes is unwieldy and the principle can 

~;~~:~n~~~; be demonstrated dearly enough using just two genes 
in Figure 10.1 4 It should be noted, too, that both human height and skin colour are characteristics that may 

----- be influenced by environmental factors. 

Continuous variation 
There are many other examples of pol~-genic inheritance. In all cases, the number of genes 
controlling a characteristic does not have to be large before the nuiation in a phenotype 
becomes more or less continuous. The outcome is that characteristics controlled by polygenes 
show continuous variation. Nevertheless, the individual genes concerned are inherited in 
accordance with the principles established above. HOl',·ever, there are so many intermediate 
combinations of alleles that the discrete ratios are not observed. 

Other forms of gene interaction 
Another factor that may affect the appearance of the phenotype is the effect of 
environmental conditions. For example, a tall plant may appear almost dwarf if it has been 
consistently deprived of adequate essential mineral ions. Similarly, the physique of humans 
may be greatly affected by the levels of nourishment received, particularly as children, So, 
the phenotype of an organism is the product of both its genotype and the influences of the 
environment 
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• Flgure10.14 

as a characteristic 

controlled by two 
Independent genes-

polygen lclnherltance 

range of 
genotypes: 

range of 
phenotypes: 

F1generation 

F,genuation 

Aabb 
aaBb 

A aBb 
medium 

AASS 
AaBb 

~ breedil>(Jwith ir>dividual 
ofs.ameskincolourgenotype 

AaBB 
AASS 

10.3 Gene pools and speciation - genepoolschan9eovertime 

In nature, organisms are members of local !X)pUlatioru. Remember, a population is a group of 
individuals of a species, living close enough to be able to interbreed. Species typically exist in 
localized i:opulatioru, although the boundaries of a local i:opulation can be hard to define. 
(CheckihisideaourbyreferencewFigure5.8,pagc217.) 

Individuals in local populations tend to resemble each other. They may become quite 
different from members of other i:opulations. Local populations are very important because they 
are a potential starting point for speciation. Speciation is the name we give to the process by 
which one species evolves into another. Present-day florn and fauna have arisen by change from 
pre-existing forms of life. The term 'speciation' emphasizes the fact that species change. 
Thefossilrecordprovidesevidencefortheprocess 
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The fate of genes 

Ina gene pool 
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• Population geneti cs 
Population genetics is the study of genes in populations (breeding groups). In any population, 
the total of all the genes located in the reproductive cells of the individuals make up a gene 
pool. A sample of the genes of the gene pool will form the genomes (gene sets of individuals) of 
the next generation, and so on, from generation to generation. 

Now, when the breeding group is a large one and all the individuals of the p:,pulation ha'"e 
an equal opp:,rtunity of contributing gametes, random matings will perpetuate the original 
prop:,rtioru; of alleles in the p:,pulation. In Ulew circumstances, the allele frequency will not 
change. 

We can demonstrate this by setting t\\-U alleles of a gene at some arbitrary frequency in an 
infinitely large gene pool, and then following the frequency of p:,ssible genotypes these will 
produce by random matings owr several generations. The example of two alleles, A and a, 
present in the p:,pulation at frequencies of0.8 and 0.2 is illustrated in figure 10.15. Look ai 1/ie 
iingle maiing cycle 1llusrrawd rhere. You can see why the frequency of genes will not change after 
one cycle. In fact, this frequency will never change however many matings occur unless there are 
whatgeneticistscall'disturbingfactors'atwork. 

Without change in a gene pool we can say the p:,pulation is not evolving. 

thefateofgenesinag•n• pool.whl'felhe<earetwoalH'lesAanda.initialfyJlle<entinthefrequencie<0.8 
af>d0.2 respectively 

Question: genel!eq\.ency geoot,,,,.,freqlJl'flC)' 
Howdoesthisfrequencychangeduringmatings? offostgeneratioo offirstgeneration 

/ A • ------------- O.SA l :::;: ~ 0.64M 

A AA 0:1 6A ~ O.J;Aa 

r~~0.2a A A A •a ------------- 0.Za { g:i!: :=:::::::-. o.; ,.. 
raf>domfeftfoationwitha J_

7
_ A_'7_ '.;'_'i-·8t-~-,.-,,-;----. ~gem.mber ofmatings 

geootypelfeq.;enciesamongJ)l"ogeny-­
theoutcomeisthatgenefrequenciesdonotchang• 

_____ Changing gene pools and speciation 
I Predict the factors Studies of gene pools show that, in some p:,pulations, the compruition of the gene pool does 

that may cause change. This is due to a range of factors that may alter the proportions of some alleles. These 

~~ea c;e~~;:~o 'dis~~~~!c::;: .~~:t::t!i~:~~~:~~~ing, allele frequencies are likely to change ftom ~:::,:~~~T~~:~ge-; generation to generation. For example, some alleles may increase in frequency because of the 
that may go 011 advantage they give to the individuals that carry them. Because of these alleles, an organism 
in a population may be more successful - producing more offspring, for example. If we can detect change in a 

- ~-
11:m_'::_~~--~e_,_"_ ~r=~~~~/~st:!-7=.rtionsofparticular alleles are altered) we may be seeing evolution 
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Random genetic drift 
SuddenhostileJ)hy;ical condition, e.g. rold,ftoodfr,g, drought,maysharplyreru<eanaturalpopulationtovertlewsurvivors 

On the return of a fa YOOra ble erwironment, numbers of the affected species may quickly return to normal (e.g . owing to !Woced 
rompetition lor foodS01Jrces),butthenew populatKJJ1tlasbei'nb'-"tllromasmal sample ofthe originalpopulation,1<ilh more 
'fa,t cousin'andba.ckcrrnsmatings(causingfewe,hetero.ygotesandffi()(e homozy~)and1<ithsomealeles lost atlogether 

Emigration/immigration 
e.9. S.nadswilhsuperio< locomotory mu'iCUlaturel 
or better able to 1<ilhstand moisture loss dum<] 
~7'~morelikely to survM'ami<7ation 

Selective predation 
e.9. Theshel rolouration (genetic:allycontrolled) 
of somesna4smay beeitherpartic:ulartyvisoble 
or elfectivelycamouflagedinre!ation to 
predators 

• Rgure10 .1 6Theco mprnltlo nsofgenepo olscanchange 

Speciation by isolation 

Random,rare,spontaneous char,gesinthe 
genes occuringooads,leadingtotheposSObil ity 
of new characteristic,in theoffspring,e.9. ability 
to inac:tivateapes!icidemoleclfl' 

Fournier effect 
Abaoier may af!Se withinapopulatKJJ1, instantty 
isolatinga sm.:>ll~oltheo<iginalpopulation, 
whkh maycar,y anumeprl'Sl'f1tatiYe selectKJJ1 
of thegene pool, yet bethebasis of anew 
popuiation - thisisaoother lorm ofgene!icdrilt 

A first step to speciation may be when a local population (particularly a small local population) 
becomes completely cut off in some way. Ewn then, many generations may elapse before the 
compo.,ition of the gene pool has changed sufficiently to allow us to define a different species. 
However, changes in local gene pools are an early indication of speciation. 

Occasionally, a population is suddenly divided into two isolated populations by the appearance 
of a barrier (Figure 10.17). Before separation, individuals shared a common gene pool, but after 
isolation disturbing processes .1Uch as natural selection, mutation and random genetic drift may occur 
independently in both populations, causing them to diverge in their features and characteristics. 

Geographic isolation between populations occurs when barriers arise and restrict the 
movement of individuals (and their spores and gametes in the case of plants) between the 
divided populations. Barriers can be natural or made by humans. An example of geographical 
isolation comes from the GaMpago5 Islands, about 500- 600 miles from the South American 
mainland (Figure5.9, page218). 

Reproductive isolation occurs when two potentially compatible populations are prevented 
from interbreeding. This may be due to geographical, seasonal or behavioural isolation. 

• Geographical isolat ion - organisms in different microhabitats within an area could be a good 
example. Think of an example in a habitat you have studied, if you can. 

• Temporal or seasonal isolation - this occurs when organisms produce gametes at different 
times or seasons. An example in animals is rainbow trout (spring) and brown trout (autumn). 

• Behavioural isolation - organisms acquire distinctive behaviour routines, such as in 
courllhip or mating, not matched by other individuals of their species. 

An example of behavioural isolation is seen in the Birds of Paradise (figure 10.18). Here, 
bright, glittering and prominently (X)Sing males seek to secure the attention of fe males 
Elaborate and attract ive display trait.I ha,·e evolved because they apparently satisfy some innate 
preference in females . The resulting progressive elaboration of plumage and performance may 
be at the expense of flight ability, vulnerability to the attention of predators and, possibly, 
thermoregulation. Despite this, the genetic constitution of the next generation is strongly 
influenced by the few sexually successful males in each generation. It is the critical female 
selection that follows in response that leads to isolation of populations and, ultimately, 
reproductive isolation. 
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1 ;~al~~~ ~ata~-:,:;,.,ru;i~:y~ ~a;;•broke 2isolationbyahuman-imposedbarrier 
Anevvroadcut,1h,oughe<tabli<hedhabiu ts,separatinglocal 
population, 

its banks and I~ 

:r.:~~o::='~9,91~ij8:!;i/i 
~~~n 91 991~91 

five,haslormed 

~ 

Pit/!/: [ii 
with~me. (small) isolatedpopuatioosol 
U.:,speciesmayeYDIYeintosepa,atespecies 

• Flgure 10.17 Geographlcalbarrlers 

• Fl g ure 10.18 

Paradlsedlsplays­

apotentlalmate 

In the example, considered up to now, speciation has been a gradual process. On the other hand, 
speciation can occur abruptly, too. We will examine this next. 

r 
Look ing for patterns, trends and discrepancies 

• Speciation by polyplo idy 
An abrupt change in the structure or number of chromosomes may lead to a new species. Such 
an alteration in the number of whole sets of chromoso. mes is known as polyploidy. Polyploids are 
largely restricted to plants. Some animals that reproduce asexually are polyploids, too, but the 
sex determination mechanism of vertebrates prevents polyploidy in these animals. 

In polyploids, an additional set of chromosomes results when the spindle fails to form during 
meiosis, causing diploid gametes to be produced. Many crop species are polyploids. A well-known 
and economically very important example is the culth11ted potato, Solanum mberosum (2n "' 48), 
a polyploid of the smaller wild variety, Sol,rnum brewiem (2n = 24) (Figure 10.19). 
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Speciation by polyploidy in the genus A ll ium 

Allium is a genus of major economic importance. It exhibits a great diversity in morphology and 
in life forms (having either rhizomes or bulbs below ground). Allimn species also show nuiation 
in basic chromosome number, ploidy level and genome size. Polyploidy can be advantageous 
because it increasesallelicdiversityandpermitsnovelphenotypestobegenerated. ltalsoleads 
to hybrid vigour. An example of this is A porrum, the cultinued leek. This plant is a fertile 
tetraploid(Figurel0.20). 

Speciation - a summary 

Apart from the cases of instant speciation by polyploidy discussed above, species do not evolve 
in a simple or rapid way. The process is usually gradual, taking place over a long period of time 
In fact, in many cases, speciation has occurred over severnl thousand years. During the process 
of change, there is a time when the differences between members of a species become great 
enough to identify separate v;i rieties or sub-species. Eventually, these may become new species. 

We can recognize that all cases of speciation require a 'isolation'. And isolation mechanisms 
areoftwobroadtypes 

• Isolating mechanisms that imolve spatial separation are illustrated by geographical isolation 
(allopatric['differentcountry1isolation). 

• Isolating mechanisms that occur within the same location are illustrated by reproductive 
isolation (sympatric rsame country'] isolation). 
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Natural selection and speciation 
Natural selection opt'rates on individuals, or rather on their phenotypes. Phenotypes are the 
product of a particular combination of alleles, interacting with the effects of the environment 
of the organism. Consequently, natural selection causes changes to gene pools. For example, 
individuals with a particular allele or combination of alleles may be more likely to survive, 
breed and pass on their alleles. Individuals that are less well adapted may not surviw or be 
reproductively successful. This process is referred to as differential mortality. Actually, whether 
the individual lives or dies is not important. What is relevant is that their alleles are not passed 
ontothenextgeneration 

So, natural selection operates to change the composition of gene pools, but the 
outcomes of this vary. We can recognize different types of selection, and these are 
explained in Figure 10.21 

Th"'•modHof .. l•ctionop•ratingonph•notypicvuiation 

examples - see below d irectklral~i, 

:::~!~ ::~~~n 
bacteria(fig..-e5.1l. 
pac;el22) 

stab<l izing disruptive 

stab<lizingselectionis 
illJStratedbyhoman 
b~th weights and infant 
mortalityfig..-es(figure 
10.22.page436) 

disruptive selection is 
illus!Jatedbylhe 
gmwthdplantson 
minir«jWa<letips 
{figure10.23.p,q,437) 

Stabilizing selection occurs where environmental conditions are largely unchanging. 
Stabilizing selection does not lead to evolution. It is a mechanism which maintains a favourable 
characteristic and the alleles responsible for it, and eliminates variants and abnormalities that 
are useless or harmful. Probably, most !X)pUlations undergo stabiliiing selections. Our example 
(in Figure 10.22) comes from human birth records on babies born between 1935 and 1946, in 
London. It shows there was an optimum birth weight for babies, and those with birth weights 
heavier or lighter were at a selective disadvantage. 

Directional selection may result from changing environmental conditions. In these 
situations, the majority form of an organism may become unsuited to the environment because 
of change. Some other alternative phenotypes may have a selective advantage 

An example of directional selection is the development of resistance to an antibiotic by 
bacteria(Figure5.ll,page222).Certainbacteriacausedisease,andpatientswith bacterial 
infections are frequently treated with an antibiotic to help them O\·ercome the infection 
However, in a large population of a species of bacterium, some may carry a gene for resistance 
to the antibiotic in question. A 'resistant' bacterium has no selective advantage in the absence 
of the antibiotic and must compete for resources with non·resistant bacteria. But, when the 
antibiotic is present, most bacteria in the population are killed. Resistant bacteria remain and 
create the future population, all of which now carry the gene for resistance to the antibiotic. 
The genome has been changed abruptly. 
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Disruptive selection occurs when particular environmental conditions fmuur the extremes of 
a phenotypic range over intermediate phenotypes. As a result, it is likely that the gene pcol 
will split into two distinct gene !X)Ols; new species may be formed. This phenomenon has been 
illustrated by plant colonization of mine waste tips. These localized habitats often contain high 
concentrations of toxic metals, such as copper and lead. While several heavy metal ions are 
essential for normal plant growth in trace amounts, in mining spoils these levels are frequently 
exceeded. Seeds regularly fall on spoil heap soil, but most plants fail to establish themselves. 
However, spoil heaps at many locations show local populations of plants that have evolved 
tolerance. One example is the grass Agros1is 1en11is (bent grass), populations of which are tolerant 
ofotherwisetoxicconcentrationsofcopper(Figure 10.23). 

Biochemical and physiological mechanisms have evolved in tolerant species, including: 

• the selective ability to avoid uptake of heavy metal ions 

• heavy metal ions that do enter are accumulated in insoluble compounds in cell walls by 
formation of stable complexes with wall polysaccharides 

• transport of toxic ions into the vacuoles of cells, the membrane of which are unable to pump 
them out again, so avoiding interactioru with cell enzymes. 

The evolution of this form of tolerance has been demonstrated in several species of terrestrial 
plants (and also in species of seaweeds that are now tolerant of the copper-based antifouling 
paintsfrequentlyappliedtothehullsofships). 

Grasses are wind-pollinated plants, so breeding between resistant grass plants and non­
resistant grass plants goes on. When their seeds fall to the ground and attempt to germinate, 
disrupth.: selection may occur. Both the non-resistant plants germinating on contaminated soil 
and the resistant plants growing on uncontaminated soil may fail to survive and reproduce. 
The result is increasing dh.:rgence of populations, initially into two distinctly different varieties 
of grass plant. In time, new species may be formed . 
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• Comparisons of allele frequencies of geographica ll y iso lated 
populations 

Weha1.:notedthatinany(X)pulation 

• The total of the alleles of the genes located in the reproductive cells of the individuals makes 
up a gene pool. A sample of the alleles of the gene pool will contribute to form the genomes 
(gene sets of individuals) of the next generation, and so on, from generation to generation. 

• When the gene pool of a population remains more or less unchanged, that population is not 
evolving. If the gene pool of a (X)pUlation is changing (the proportions of particular alleles 
pair is altered), then evolution may be happening. 

How can we de1ea change or conmmcy in gene pools? 
The answer is by a mathematical formula called the Hardy- \ Veinberg formula . The general 

formula to represent the frequency of dominant and recessive alleles is: 

p+q=l 

where p = frequency of the dominant alleles 
and q = frequencyoftherecessivealleles. 

The ptoblem in estimating gene frequencies is that it is not possible to distinguish between 
homozygous dominants and heterozygotes based on their appearance or phenotype, as has been 
noted previously (page 152). The Hardy- Weinberg equation overcomes this ptoblem: 

p' 

frequency of 
dominant homozygous 

individuals 

lpq 

frequency of 
heterozygous 
individuals 

q' 

frequency of TOTAL 
homozygous recessive 

individuals 
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Using the Hardy- Weinberg formula 
We can use the Hardy- Weinberg formula to find the frequency of a gene in cases of dominance 
in which we are unable to distinguish between the homozygous dominants and the heteroygotes 
onthebasisofphenotype. 

Example 

In humans, the ability to taste the chemical phenylthiocarbamide (PTC) is conferred by the 
dominant allele T. Both the dominant homozygotes (TT) and the heterozygotes (Tt) are 'tasters'. 
The non-tasters are the homozygotes (tt). 

In a sample of a local !X)pUlation in Western Europe of ZOO people, 130 (65%) were tasters 
and 70 (35%) were non-tasters (Table 10.6). 

Phenotypes 
Genotypes n+n 
Frequency 0.65 

Applying this data to the Hardy- Weinberg formula, we know the value of q2 to be 0.35. 

Taking the square root, the value of q "'0.59. 
So, the frequency of the non-tasting alleles (t) in this European population was 0.59. 

12 In two small im!ated popul.itiom the incidenc:e of PCT rmn-t.11ter1 was as shown in the table 

Population Sample size 
lnd igenoo1Au1tra li.lm 

lndigenoosNorthAmericam 

C; lc ul ate thefrequencyofthenon-rastingallelesineachofthetwosamplepopulatiom 

• Pace of evolution: gradualism versus 
punctuated equili bria 

Since geological estinrntes set the age of the Earth at 4500 million years, and since life originated 
about 3500 million years ago, the time scale over which evolution has occurred seems almost 
unimaginably long. Furthermore, the fossil record provides evidence of the long e,ulutionary 
history of most major groups. This definition of evolution by natural selection as an exceedingly 
slow process is known as 'gradualism'. Indeed, from the theory of evolution by natural selection, 
we might expect species to wry gradually disappear and to be replaced by new species at a 
similarly slow rate. 

In fact , this is not necessarily the case. Some new species have appeared in the fossil record 
relatively quickly (in terms of geological time) and then have tended to remain apparemly 
unchanged or little changed for millions of years. Sometimes, periods of stability were followed 
by sudden mass extinctions, all evidenced by the fossil record (figure 10.24) 

Some scientists say the fossil record is misleading because it is incomplete and does not 
record all the organisms that have lived. This is quite possible; we ha,·e no way of being certain 
thefossilrecordisfullyrepresentativeoflifeinearliertimes. 

However, two evolutionary biologists, Niles Eldredge and Stephen Jay Gould, proposed an 
alternative explanation. They argued that the fossil record for some groupi is not incomplete, but 
accords with their view of the origins of new species - which they called punctuated equilibria 
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This hypothesis holds thac-

• When environments become unfmuurable, populations attempt to migrate to more 
favourable situations. 

• If the switch to adverse ccm;:litions is very sudden or ,~ry violent, a mas.s extinction occurs. Major 
vokanic eruptions or meteor impacts can throw so much detritus into the atroosphere that the 
Earth's surface is darlrened for many rromhs, moling the planet and killing off much plant life. 

• However, populations at the fringe of a massive disturbance may be protected from the worst 
effectsofextremeconditions,survivingintothefuture. 

• Members of these populations may become small and isolated repnxluctive communities 
fromwhichrepopulationeventuallyoccurs. 

• This surviving group may have an unrepresentative selection of alleles from the original 
gene pool. If the group becomes the basis of a repopulation event, and then quickly adapts to 

the new conditions, abrupt genetic changes may occur. This phenomenon is known as the 
'found er effect'. In this situation, e\'olution can occur suddenly. 

So, there are altemath·e proposals for the ways in which natural selection has operated in 
practice in the establishment of life in geological time. In foct, gradualism and punctuated 
equilibria may not be alternatives; both may have contributed to the pattern of life on Earth in 
geological time. 

TOK Link 
Puoctuated l'QUiliblium was kmg rnmidered an a~malive theory of eYOlution aml a cha llenge to the long­
e1tablished paradigm of Oarwini.in gradualism. How do paradigm shifts proceed in science and what factor1 
areirwolvedinthl'irsuccess? 
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• Examination questions -
a selection 

Questions 1-5 are taken from 1B Diploma 
biology papers. 

Q1 What do all human males inherit from their 
mother? 

I an X chromosome 
II a Y chromosome 
Ill mitochondrial DNA 

A I and II only 
B II only 
C I and Ill only 
D l,llandlll 

High Leve/Paper I, Time Zone2,May09,Ql2 

Q2 A test cross of linked genes was performed with 
fruit fl ies (Orosophila melanogasrer). 
Wild type body (B) is dominant to black body (b). 

Normal wings (W) is dominant to vestigial 
wings(w). 

BbWw were crossed with bbww. 

The resulting offspring were 
952 wild type body, normal wings 

• 948 black body, vestigial wings 
• 200 wild type body, vestigial wings 
• 198 black body, normal wings 

What is the most li kely explanation for these 
results not fitting the expected ratio? 
A Crossing-over 
B Non-disjunction 
C Gene mutation 
D Randomvariation 

HigherLeve/Paperl, TimeZone2,May13,Q35 

Q3 In fruit flies (Drosophila melanogasrer) grey 
body is dominant to black body and long wings 
are dominant to vestigial wings. Two flies 
heterozygous for both genes were crossed. What 
proportion of the offspring would be expected to 
have black bodies and long wings? 
A 1/2 
B 3/16 
C 1/4 
D 1/16 

Higher Level Paper I, Time Zone I, May 13, Q33 

Q4 Flower colour and pollen grain sha pe are linked 
genes in sweet peas. Purple (F) is dominant to 
red (f) flower colour and long pollen grains (L) are 
dominant to round pollen grains (I). 

If the parental genotype is 7T. what would be the 

recombinant chromosomes in the gametes? 
A Flandfl 
B Ffandll 
C Flandfl 
D D_ andTI 

Higher Leve/Paper I, Time Zone 0, Nov 12, QJ5 

QS Which of the following processes result in the 
production of recombinants? 

I Crossing over between linked genes 
II Reassortmentofnon-linked genes 
Ill Mutation 

A I only 
B I and II only 
C I and Ill only 
D I, II and Ill 

Hir_JherLeve/Paperl, rimezone 1,May09,QJ5 

Questions 6- 10 cover other syllabus issues in this 
chapter. 

Q6 a Mendel conducted many experiments with 
garden pea plants, but some later workers 
used the fruit fly Drosophila in experimental 
genetics investigations. Suggest three reasons 
why this insect was found to be useful. (3) 

b When dihybrid crosses are carried out the 
progeny are ra rely present in the exact 
proportions predicted. Explain why small 
deviations of this sort arise in dihybrid 
crosses with: 
i garden pea plants (3) 
ii Drosophila. (3) 



Q7 In Drosophila, mutants with scarlet eyes and 
vestigial wings are recessive to flies with red eyes 
and normal wings. (These contrasting characters 
are controlled by single genes on different 
chromosomes, i.e. they are not linked on a single 
chromosome.) Explain the phenotypic ratio to 
be expected in the F2 generation when normal 
fl iesarecrossedwithscarleteyes/vestigialwing 
mutants and sibling crosses of the F1 offspring are 
then conducted. Show your reasoning by means 
of a genetic cross diagram. (8) 
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Q8 Distinguish between the following pairs: 
a discontinuous variable and continuous 

variable (4) 
b monohybrid cross and dihybrid cross (4) 
c linkage and crossing over (4) 
d autosomes and sex chromosomes (4) 
e X chromosomes and Y chromosomes (4) 
f multiple alleles and po/ygenes. (4) 

Q9 Explain what is described as continuous variation 
by using one named example. (4) 

Q10 Outline how meiosis and two other mechanisms 
promote genetic variability among individuals of 
the same species. (8) 



Ill Animal physiology 

• Immunity is based on recognition of self and destruction of foreign material. 
• The roles of the musculoskeletal system are movement, support and protection. 
• All animals excrete nitrogenous waste products, and some animals also balance water 

and solute concentrations. 
• Sexual reproduction involves the development and fusion of haploid gametes. 

In this chapter, we look again into the body's defence against disease. Then, the way the 
skeleton, joints and muscles combine to bring about movement is investigmed, followed by the 
role of the kidneys in excretion and osmoregulation. Finally, the processes of gametogenesis, 
fertilization and the early development of the human embryo are discussed 

11 .1 Antibody production and vaccination -
immunity is based on recognition of self and destruction of foreign material 

• The immune response 
The immune response is our main defence once invasion of the body by harmful microorganisms 
or 'foreign' materials has occurred. We have seen that particular leucocytes (white blood cells) 
called lymphocytes are responsible for our specific immune response. These cells make up 20% 
of the white blood cells circulating in the blood plasma (or in the tissue fluid - remember, white 
blood cells move freely through the walls of blood ,·essels) 

Lymphocytes are able to detect as different from our own cells and proteins any 'foreign' 
matter that enters from outside the body (macromolecules, as well as micrcorganisms). 
Any molecule that the body recognizes as foreign or 'non-self' is known as an antigen. 

An antigen is normally a protein (but some carbohydrates and other macromolecules 
can act as antigens). They are recognized by the body as foreign (non-self) and stimulate an 
immune response. The specificity of antigens allows for responses diat are customized to 
specificpad10gens. 

How are 'self' and 'non-self' recognized? 
Every organism has unique molecules on the surface of their cells. Cells are identified by these 
specific molecules - markers, if )OU like, that are lodged in the outer surface of the plasma 
membrane. These molecules include the highly variable glycoproteins on the cell surface 
membrane. Remember, carbohydrates occur attached to proteins here. 

Remind yourself of 1he Jluid mosaic s1rucmn of this membrane (Figure 1.34, page 31). 
The glyooproteins that identify cells are known as the major histocompatibility complex 

antigens - but we can refer to them as MHC. In humans, the genes for MHC antigens are 
on chromosome 6. The MHC antigens of each individual are genetically determined - they 
are a feature we inherit. In inherited characteristics that are products of sexual reproduction, 
variations occur, so each of us has distinctive MHC antigens present on our cell surface 
membranes. Unless you have an identical twin, your MHC antigens are unique. 

Now, lymphocytes of our immune system have antigen receptors that recognize our own 
MHC antigens, and can tell them apart from any 'foreign' antigens detected in the body. It is 
critically important that our own cells are not attacked by our immune system. This is the basis 
of the 'self and 'non-self recognition mechanism 

Pathogen-host specificity 
An invading organism or virus particle that enters the body and causes disease is a pad10gen 
Pathogens are often specific in their choice of host. For example, humans are the only host for 
the pathogens that cause the diseases of syphilis, gonorrhoea, measles and poliomyelitis 
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On the other hand, other pathogens are able to cross species barriers, infecting a range of 
hosts. For example, rabies is a viral disease that affects many carnivorous animals, including 
dogs, cats, foxes, skunks, jackals and wolves. Rabies is almost invariably fatal to humans, 
too. (Zoonoses are diseases of other animals that can be transmitted to humans.) Generally, 
infectious diseases are most often 'shared' between species that are closely related and inhabit 
thesamegeographicarea,iftheyaresharedatall 

Natural resistance to a specific disease by a species may be due to factors such as 

• Absence of a type of cellular receptor for attachment - for example, a particular strain 
of E. co!i which causes an infection in the intestines recognizes and requires a specific 
carbohydrate receptor on the cells of the intestine. These occur only in the gut of human 
infants,calvesand piglets 

• Lack of the target site for a microbial toxin - for example, diphtheria toxin, when injected 
into a rat, fails to kill the animal (the toxin is excreted in the urine) but it will kill a guinea 
pig when injected in the same way. 

Lymphocytes and the antigen-antibody reaction 
There are two types of lymphocyte at work in our immune system - the B lymphocytes 
(B cells) and T lymphocytes (T cells). Both of these cell types originate in the bone marrow, 
where they are formed from stem cells (page 15). fu they mature, these cells undergo different 
development process in preparation for their distinctive roles (Figure 11.1) 

• Fl gure 11.1 TandB1ymphocytes 

T lymphocytes 

T lymphocytes leave the bone marrow scon after they have been formed and migrate to the 
thymus gland. The thymus gland is found in the chest , just below the breast bone (sternum). 
It is active and enlarged during the early stages of our growth and development. While the 
T cells are present in the thymus gland, all of those that would react to the body's own cells are 
removed and destroyed. The surviving T cells are released and circulate in the blcod plasma 
Many are stored in lymph nodes. 
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The thymus gland shrinks in size after puberty is reached, its task completed. 
The role ofT cells is noi to secrete antibodies. Their role is to reactivme B cells after 

'activation' by contact with antigens of a particular pathogen or other foreign matter 

B lymphocytes 

Meanwhile, B lymphocytes complete their maturation in the lxme marrow, prior to circulating 
in the blcod. Many of these lymphocytes are also stored in lymph nodes. The role of the 
majority of B cells, after activation by T cells, is to form clones of plasma cells that then secrete 
antibodies into the blcod system. (In addition, memory cells are formed - of which, more later). 

An antibody is a special protein called an immunoglobulin (Figure 11.2). It is made of four 
rolypeptide chains held together by disulflde bridges (-5-S-) and forming a molecule in the 
shape of a Y. The arrangement of amino acids in the rolypeptides that form the 'fork' region in 
this molecule is unique to that antibody. It is this region that forms the highlyspeciflc bi ruling 
site for the antigen. Antibodies initially occur attached to the cell surface membrane ofB cells, 
but later are ma,s,produced and secreted by cells derived from the B cell. This occurs after that 
B cell has undergone an activation step. 

an~genbindingsite antigen. 
CJl,pec~icaminoacid,esiruesinaooiqi.e 
seqi.eocetowt>ichaoantigenmaym ".¥ / .,.,,,,,.; ~•oro 

infypept.ies I 
licjlt<ha,n de y 

(S-s-) 
t>ea"Y<ha,n maybesecretedbyexocytosisas 

free.standing molecules 

• Flgure11.2 Thestructureofanantlbody 

----- lnsummary: 
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significance of the • B lymphocytes form clones of plasma cells, when activated by T lymphocytes. 

r:;riri:?a;~lg • !r~::=;;;s;~:;,ci~,;~:. :~t~:a::e~ ~~::~~;tt:t with an antigen from a pathogen or 

otherwise react to 
"se!f"bodyprote iflS • The steps to an immune reaction response to an infection 

When an infection occurs, the leucocyte ropulation immediately increases and many of these 
cells collect at the site of the invasion. The complex response to infection has beguIL 

The roles ofT and B cells in this resronse are as listed here. 
YoucanfollowiheseitepsinFigure 11.3. 

I When a specific antigen enters the body, B cells with surface receptors (antibodies) that 
recognize the antigen bind toit. 

2 On binding to the B cell, the antigen is taken into the cytoplasm by endocytosis. Then it is 

expressed and displared on the cell surface membrane of the B cell 
3 Meanwhile phagocytic cells, the macrophages, engulf any antigens they encounter. 

(Macrophages occur in the plasma, lymph or tissue fluid.) Once antigens have been taken 
up, they are presented externally, attached to the MHC antigens, on the surface of the 
macrophages. T cells respond to antigens that are presented on the surface of other cells, as 
on the macrophages. This is called antigen presentation by a macrophage. 
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• Flgure11.4 

Electron micrograph 

of a plasma cell 

pathogens-

4 As T cells come into contact with these macrophages and briefly bind to them, they are 
immediately activated. They are now called 'armed' or activated helper T cells. 

5 Now, activated helper T cells bind to B cells with the same antigen expressed on their cell 
surface membrane (step 1 abow). fu a result, the B cell is activated. It is now an 'armed' or 
activatedBcell 

6 Next, acth11ted B cells divide rapidly by mitosis, forming a clone of plasma cells. An electron 
micrograph of plasma cells shows each one is packed with endoplasmic reticulum (RER, 
Figure 11.4). It is in these organelles that the antibody is mass-produced and exported from 
the B cell by exocytosis. The generation of a large number of plasma cells that produce one 
specific antibody type is known as clonal selection 

The antibodies are normally prcxluced in such numbers that the antigen is overcome 
The action of antibodies is to bind to antigens, neutralizing them or making them clear 
targetsforphagocyticcells(Table 11.1). 

We have noted that the T and B cells have molecules on the outer surface of their cell 
surface membrane that enable them to recognize antigens, but each Band T lymphocyte has 
only one type of surface receptor. Consequently, each lymphocyte can recognize only one 
type of antigen 

7 After antibodies ha,·e tackled the foreign matter and the disease threat is owrcome, the 
special proteins disappear from the blood and tissue fluid. So, too, do the bulk of the specific 
B cells and T cells that were responsible for their formation. 

It is now helpful to summarize the complex role; ofB and T cells in the immune system (figure 11.5 
and Table 11.1). 

Agglutlnatlon 

Complement 
activation 

Opsonlzatlon 

Antibodies .ittac:h to pathogens. {ausing them to slid together - d umped in this 
waytheymDfeeasilyingestedbyphagocytic{el!s 

Complement proteins in the plasma cause cell lysi1 by destmying the ~a1ma 
membraneofpathoqen cel!s . .ifterantibodielhaveidentifythemby binding 

Antibodies bind to toxim in the plasma. preventing them frnm affecting 
1um-1itib ie{ells 

Antibodies make pathogens imtantly recognizable by bind ing to them. and then 
linkin9 themto phaqoc:ytic{el!s 
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Immunity is the ability of the body to resist an infection by a pathogen. Long·liYed and specific 
immunity is the result of the presence of certain memory cells, retained after a previous infection 
by that pathogen. Memory cells are specifically activated B cells. They are long.Jived cells, in 
contrasttoplasmacellsandotheractinuedBcells 

Memory cells make possible an early and effective response in the event of a reinfection of 
the body by the same antigen (Figure 11.6). This is the basis of natural immunity (see below). 

2 Identify where antigens and dnlibodie1 may be found in the body 

3 llemindyourse!foftheappearanceofthetype1ofwhitebloodcell1observedinabloodsmear 
preparatlon.Seeforexample.thephotomicrogr.iphinfigure6.6(page256).Comparethisimagewitha 
prepared 1lide of d human blood smedr. 10 that )'OU are familiar with the appearance of phagocytic white 
blood cells and lymphocytes 

Draw and fully annotate 10me of the while blood celis you observe. making dear the differences 
betwel'nthl.'fll 
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Transfusions of blood can bring about an immune react ion 
Human blood cells carry antigens on the plasma membrane, of which the ABO system and the 
Rhesll'i system are most important as far blood transfusions are concerned. You may already 
know your own blood grouping; each of us carries a particular combination and this has to be 
determined before we can receive a transfusion of blood. 

Blood groups demonstrate a special example of the antigen-antibody reaction. Lcoking 
at the detail of the ABO system in Figure 11.7, you will notice that people tend to have an 
antibody in the plasma against whichever antigen they lack. This is always present, even though 
the blood has not been in contact with the relevant antigen. So, for example, if a person of 
blood group A accidentally receives a transfusion of group B blood, then the anti-B antibodies in 
the recipient's plasma make the 'foteign' B cells d ump together (the term is agglutinate) 
The dumped blood cells block smaller vessels and capillaries, which may be fatal. Consequently, 
you can see why blood of group O is so useful for transfusion purposes - it has neither A not B 
antigensontheredcells 

Incidentally, if a small quantity of blood is giwn in a transfll'lion, the type of antibodies in 
the plasma received does not matter because of dilution by the plasma of the recipient's bkxxl. 
But for a large transfusion, the match of antigens and antibodies needs to be perfect 

Remember, the inheritance of ABO bkxxl groups is controlled by multiple alleles and is 
inherited according to Mendelian laws (page 155). 

The Rhesus system is different again. Rhesus negative people (without the Rhesll'i antigen 
on their red cells) do not carry antibodies in their plasma. That is, unless they have been 
previously sensitized 

In practice, sensitization of a Rhesus negative woman may occur if she has carried a Rhesus 
positive foetus in the uterus (the Rhesll'i factor is also inherited). Late on in pregnancy there is a 
likelihood of some mixing of maternal and feta\ bloods. As a result, the mother is sensitized by 
Rhesus positive antigens and she makes Rhesus antibodies. These would remain in her plasma 
and, should a second pregnancy occur, again with a Rhesus positive fetus, then antibodies would 
pass across the placenta from her plasma and destroy the red blood cells of the Rhesus positive 
fetus. In fact, treatment with anti-Rhesus antibodies immediately the first pregnancy ends 
prevents the problem 

Inflammation - the init ial response to trauma 
Inflammation is the initial, rapid and localized response that tissues make to damage, whether 
due to a cut, scratch, bruising or a deep wound. We are quickly aware that the site of a cut or 
knock has become swollen, warm and painful. Inflammation is triggered by inflammatory 
signalling molecules, principally histamine. This is released from mast cells (cells of the immune 
system packed with chemicals that trigger inflammation when released) and white blood cells, at 
the site of trauma. The volume of blood in the damaged area is increased, and white blood cells 
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and plasma accumulate outside the enlarged capillaries. This increased blood flow removes any 
toxic products that are released by inwding microorganisms and by damaged cells. Ultimately, 
tissuerepairisinitiated,also. 

Blood group A BloodgroupB BloodgroupAB BloodgroupO 

Aantigem 8antigens A+Billltigeos 

,.o a.o A.B.AB.O 

Note;Blood9roupOi:stheunWeMdonorbloodgroup.8ioodg,oupAB;,;1heuni~recipH'nt 

2Rhesussystem 

Rhesusant>gefl<0<>redcell< p<esent(po<itwe) absent(negative) 

AntibodH'StoRhesus 
illlligensinbloodplasma (unlessp<eviouslysensitized) 

Note:Rhe=bloodsho<Jd0<>lybegiventoaRhesusr,egativepersoo 

• Rgure 11.7Bloodgroupandtransfuslonposslbllltles 

Histamine and allergic symptoms 
An allergy is an exaggerated response by the body to antigens. Many people suffer an allergy to 
pollen grains - they say they have 'hay fever'. In the presence of antigens on the surface of pollen 
grains, plasma cells release antigens that attach to mast cells, thereby triggering the release of 
histamine and other inflammatory molecules. These act on a variety of cells in the body and 
bringing about typical allergy symptoms. These include contraction of smooth muscle - causing 
breathing difficulties. Ami-histamine drugs counteract allergy symptoms by blocking histamine 
receptors around the body. 

Vaccines and vaccination 
Vaccines contain antigens that trigger immunity but do not cause disease. Vaccination is the 
deliberate administration of antigens that have been made harmless, after they are obtained 
from disease-causing organisms, in order to confer future immunity. The practice of niccination 
has made important contributions to public health, for example, in the case of measles 
(page 452), smallpox (page 453) and many other diseases. 

Vaccines are administered either by injection, by nasal spray or by mouth. Briefly and wiihou1 
causing infection, they cause the lxxly's immune system to make antibodies against the disease, 
and then to retain the appropriate memory cells. Active artificial immunity is established in 
this way. The profile of the body's response in terms of antibody prOOuction, if it is re-exposed 
to the antigen, is normally exactly the same as if the immunity was acquired by overcoming an 
earlier infection 
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Vaccines are manufactured from: 

• dead or attenuated (weakened)bacteria 

• purified ix>lysaccharides from bacterial walls 

• inactivatedviruses 

• toxoids(inactinitedtoxins) 

• recombinant DNA produced by genetic engineering. 

Vaccines are often produced ll'iing the immune system responses of other animals, too. 
In communities and countries where vaccines are widely aniilable and have been taken 

up by 85- 90% of the relevant population, vaccination has reduced some previously common 
and dangerous diseases to wry uncommon occurrences. As a result, in these places, the public 
sometimes becomes casual in its reg-ard for the threat such diseases still represent. 

• In summary - t ypes of immunity 
The immune system provides protection to the body from the 'M}!'St effects of many of the 
pathogens that may invade. Note that immunity may be acquired actively or pa,sively, naturally 
or artificially: 

• Actively - naturally , as when our body responds to invasion by a pathogen, or artificially, 
after injection of killed or weakened antigens in a niccine - causing memory cells to be 
made. 

• Passively - natura lly, as when maternal antibodies enter the fetus through the placenta, or 
artificially, such as when ready-made antibodies are injected into the body. 

The effectiveness of vaccination programmes - epidem io log ica l data 
Epidemiology is the study of the occurrence, distribution and control of diseases. A study of 
community disease patterns of this sort may be a sound source of evidence. However, bear 
in mind that, when the community·wide administration of a vaccine is closely followed by 
a decrease in the targeted disease, a causal relationship has 1101 been proven. We cannot be 
certain it was the vaccine that preYented the infections because there are so many uncontrolled 
variables affecting a community and its health 

Tuberculosis (TB), a major worldwide public health problem of long standing, is caused by 
a rod.shaped bacterium, Mycobacrerium rubcrculosis. There is evidence that TB was present in 
some of the earliest human communities and it has persisted as a major threat to health where 
people live in cro-,,,ded conditions. Today, in most developed countries, this disease is relatively 
rare, but globally almost 14 million people have active TB. In developing countries with a 
high incidence of this disease, it primarily affects young adults. In developed countries where 
TB had, until very recently, ceased to be a major health threat , the rising incidence is largely 
among people with HIV/AIDS who are immunocompromised (page 278), and also among people 
arriving from other countries. 

A vaccine against tuberculosis, the Bacillus Calmene.G\Jerin (BCG) vaccine, is prepared 
from a ~rain of attenuated (weakened) live bovine tuberculosis bacillus. It is most often used to 

prevent the spread of TB among children 
Look at the pattern of deaths from 113 in a dewloped country, 1900- 2000, shown in 

Figure 11.8 A. Examine rhe graph carefully and rhen anS1WT q~siion 4. 
In the prevention and control of measles, the first measles vaccines became available in 

1963. It was then replaced by a superior Yersion in 1968. Epidemiological evidence of the effect 
of the widespread use of these vaccines in one developed country is shown in Rgure 11.8 B. 
fa:amine 1his daia carefully, and rhen amwer question 5. 
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.igainst measles as an effective procedure for maintaining rnmmvnity health 
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The origins of vaccination 
It has long been known that people who recovered from plague or smallpox rarely contracted 
those diseases again. The possibility of a patient acquiring immunity from smallpox was known 
in the East in the seventeenth century, if not earlier. For example, an English ambas.sador's wife 
saw that vaccination was practised in Turkey early in the eighteenth century and had observed 
how successful it was there. She tried to introduce the practice of vaccination into Britain 
Sadly, shehadlittlesuccess. 

The first attempt in the West at immunization was made by Edward Jenner (1749- 1823), 
a country doctor from Gloucestershire, UK At the time, many people who got smallpox died 
However, those who had earlier contracted cowpox never died. (Workers who handled cows 
typically caught cowpox at some stage.) Jenner saw the significance of the protection the 
patients had acquired. He extracted fluid from a cowpox pustule on an infected milkmaid, 
and injected it inw himself and inw the arm of an eight-year-old boy (Figure 11.9). The child got 
a mild cowpox infection but, when exposed to smallpox, remained healthy. Jenner named this 
technique vaccination, after the cowpox mccinia (a virus). Of course, he did not understand the 
cause of smallpox; the chemical nature of viruses was not reported until 1935. 

The French scientist Louis Pasteur (1822- 95) discovered that cultures of chicken cholera 
bacterium, allowed to age for 2- 3 months, prOOuced only a mild infection of cholera when 
inoculated into chickens. The old cultures had become less pathogenic - tOOay we say they had 
attenuated. Fresh and virulent strains of the chicken cholera bacterium failed to infect chickens 
that were previously exposed to the mild form of the disease. 

Pasteur, one of the greatest experimentalists in microbiology, went on to have notable 
successes in immunization (Figure 11.9). However, he recognized the original contribution of 

• Rgure 11.9 Jenner to the discovery of immunity by using the name 'vaccine' for injections of the attenuated 
organisms that he developed to prevent chicken cholera disease, and (later) anthrax (due to a 

Louls P,uteur at work bacterium)andrabies(duetoaviru'l). 

Jenn er inoc ulating Ja mes Phipps. from a drawing by William 
Thompsoo.c. 1880 (byrourresyofrhe We/kome Trustees) 

Paste urmadea majo r contribu tion toourunde m anding of 
diseasesofhumansandotheral"IOm.lls;worting1<ithdogs.he 
showl'dlhataniniectiooof!heatteooatedrabiesmicJOOfgal"IOsm 
canproruceimrrul"IOtytothediseitSe 
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• The ethical implications of Jenner's research into a vacc ine for 
smallpox 

• See 'What is ethics!' and 'Making ethical decisions' on the accompanying website, in 
Appendix 3: Defming ethics and making ethical decisions. 

• See 'An inmxluction to today's regulations for the testing and approval of drugs' on the 
accompanying website , in Appendix 3; Definingerhici and making ethical decisions. 

• What improvements could be made (with the advantage of the hindsight that we ha,·e 
today) to the testing procedure that Dr Jenner devised! 

• Why, do you imagine, did the boy's mother allow this experiment to take place! Do we 
need to make allowances for people who take a calculated risk (or who have exceptional 
foresight)? 

Small pox - an infectious disease erad icated by vaccination 

Smallpox, a highly contagious disease, was once endemic throughou t the 'M>rld. It killed or 
disfigured all those who contracted it. Smallpox was caused by a DNA tJariola virus. The virus 
was stable, meaning it did not mutate or change its surface antigens, as others do. 

Eventually, a suitable vaccine was identified - made from a harmless, but related, virus, 
tJaccinia. This was used in a 'liYe' state and could be freeze dried for transix>rt and storage 
C.onsequemly, the virus was relatively easy to handle and stable for long pt'riods in tropical 
climates 

How eradication came about 

Smallpox has been eradicated (the last case occurred in Somalia in 1977). The development of a 
vaccine played an imix>rtant part in this achievement, which was the outcome of a determined 
World Health Organization (WHO) programme, begun in 1956. This invoh-ed careful 
surveillance of cases in isolated communities and within countries sometimes scarred by wars -
altogether a most remarkable achievement. The reasons why smallix>x was eradicated when so 
manyotherdiseasescontinuearelistedinTable 11.2. 

PatientswiththediseaseWl.'feeasilyidentified;theyhadobv;ousdinicalfeaturl.'5 
Trammi1sionw.11by directrnnt..cton~. 
On diagnosis. patients were isolated and all their rnnt..cts tr..ced. All were v..ccinated 
lthada1hort periodolinfectivity - ofabout3to4weeks 
Patientswhorl.'Covereddid notretainanyvirusinthebody.so·carrier5"didnote:Ost 
The re were no animals that acted as a Vl.'Ctor5 or ·reservcir1· of the infection {and which. otllerwise. would 
havebeenabletopa1sonthevirnstootherhumam) 
Theviru1w;i1stable - it did notmutateorchangerts1Urf..ce;mtigem. Minorchanges inanligem(antlgenlc 
shlft)m.ay c:.iu1ememorycellstofailto recognize.ipathogen 
Lu t but not least - the issue wa1 tackled through international cooperation by the WHO 

Vaccines today 
The deliberate administration of antigens that have been made harmless, after they are 
obtained from disease-causing organisms, in order to confer future immunity, is a very imix>rtant 
contribution to public health. So successful has vaccination been - u'here tJaCcinei are widely 
availabk and the rake up is lry about 85- 90% of the relem111 pq:,ularion - that, in many human 
communities, some formerly common and dangerous diseases are rarely seen. Unfortunately, as a 
result, the public has become casual about the threat such diseases still pose 

mean by immunity The recommended schedule of vaccinations for children brought up in one dewloped 
_____ country can be accessed via the website www.doh.gov.uk 
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• Flgure11.10 
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• Monoclonal antibody production and uses 
White cells in the bkxxl provide our main deferx:.es against inv:ision of the lxxly by harmful 
microorganism.s. Antilxxlies are effective in the destroction of aru~ within the lxxly, but the plasma 
cells (the ~oct of a B lympOOCVte, Figure 11.3) that secrete them h:r,e an extremely slu:t lifespan 
and cannot, themselves, divide. As a consequence, antibodies cannot be used outside the lxxly. 

Monoclonal antibodies are the product of a recently invented process through which 
antilxxlies are made available in the long term, for applications in entirely new circumstances 
A monoclonal antibody is a single antibody that is stable and that can be used over a period 
of time. Each specific antibody is made by one particular type of B cell. The problem of the 
normally brief existence of a plasma cell is overcome by fll'ling the specific lymphocyte with a 
cancer cell - which, unlike other body cells, goes on dividing indefinitely. The resulting hybrid 
cell, known as a hybridoma cell, divides to form a done of cells which persists and which 
conwniently goes on secreting the antibody in significant quantities (Figure 11.10). Hybridoma 
cells are virtually immortal, ptovided they are kept in a suitable environment. 
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The original monoclonal antibodies were developed from mouse cells, but some patients have 
developed an adverse reaction to antilxx:lies made this way, since they are 'foreign' proteins to 
the patient's immune system. Genetically engineered antilxx:lies compatible with the patient's 
immune system are sought, to avoid triggering the immune resix>nse. 
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Monoclonal antibod ies are used in pregnancy testing kits 
The use of monoclonal amilxxlies in medicine is already established, and is under further 
development in these and other areas. For example, in diagnosis, monoclonal amilxxlies are 
used in pregnancy testing. 

A pregnant m:mran has a significant ooncentration oft he hormone human ch:monic 
gonadou:ophin (HCG, page 494) in her urine, whereas a non-pregnant =man has a negligible 
amount Monoclonal antilxxlies to HCG have been engineered to carry (become attached to) 
coloured grarrules, so that in a simple test kit the appearance of a coloured strip in one compartment 
provides immediate and visual confirmation of pregnancy. How this works is illustrated in Rgure II.II. 
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11 . 2 Movement - the roles ot the musculoskeleta1 system are movement, 
support and protection 

Movement is a characteristic of all living things. It occurs within cells (for example, in 
cytoplasmic streaming), within organisms (such as in the pumping action of the heart) and as 
movements of whole organisms, known as locomotion. It is the issue of muscular locomotion in 
humans that is examined first. 

• Roles of the components of our 
locomotory system 

Locomotion is the result of the interactions of nervous, muscular and skeletal systems 
The component parts and their roles in locomotion are as follows 

• Bones support and partially protect the body parts. Also, they articulate with other bones 
at moveable joints and they provide anchorage for the muscles. In mammals, the skeleton 
consists of the axial skeleton (skull and wrtebral column) and the appendicular skeleton 
(limb girdles and limbs) 

• Ligaments hold bones together and form protective capsules around the moveable joints 
Llgaments are made of fibres of strong but very slightly elastic connective tissue. 

• Muscles cause movements by contraction. Skeletal mll'lCle is one of three types of muscle in 
the mammal's body. Skeletal muscles occur in pairs, anchored to bones acr055 joints. They 
are arranged so that when one of the pair contracts the other is stretched, a system known as 
antagonistic pairing (Figure 11.12). Contractions of skeletal muscle may either maintain the 
posture and position of the body or go on to bring about mm·ement at joints. 

• Tendons attach muscles to bones at their points of anchorage. They are cords of dense 

• Nerves are bundles of many nerve fibres of individual nerve cells (neurons). They connect 
the central nervous system (brain and spinal cord) with other parts of the body, including 
the skeletal muscles. Nerve impulses are transmitted in a fev; milliseconds, travelling along 
individual nerve fibres to particular points in the body. Nervous control is, therefore, precise 
and specific, as well as quick. Nerve impulses stimulate muscles to contract and the nervous 
system as a whole coordinates movement. 

Movements at jo ints 
Moveable joints in the body are of different types, but they all permit controlled movements. 
They are known as synovial joints, because a thick viscous fluid, the syruwial fluid, is secreted 
andretainedinthejointforlubrication. 

We will consider a hinge joint, as found in the human elbow. 

The human elbow joint 

Mm·eable joints are contained in fibrous capsules that are attached to the immediately 
surrounding bone. The capsule consists of tough connective tissue, but is flexible enough to 

permit movement. Also present at the joint, but outside the capsule, are ligaments that hold the 
bonestogether,preventingdislocations. 

At the elbow, the humerus of the upper arm articulates with the radius and ulna of the lower 
arm at a hinge joint (Figure 11.13 and Table 11.3). At the joint, a fluid.filled space separates 
the articulating surfaces. Here, synovial fluid is secreted by the synovial membrane. The fluid 
nourishes the living cartilage layers that cover the articulating surfaces of the bones, as well as 
serving as a lubricant. 
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• Flgure11.13 
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Draw and annotate a diagram of the human elbow, showing joint structure, named bones and 
antagonistic muscles in iint, by combining information from Figures 11.12 and 11 .lJ. 

Bones, joints and muscles as levers 
We use machines to apply forces to objects in the world about us. A simple machine, commonly 
used, is a lever. The skeleton of an animal, together with the muscles attached acro,s the joints, 
functions as a system of levers. Each joint acts as a pivot point or fu lcrum. The force applied 
(when the muscle contracts) is called the effort . The load or force to be overcome is known as 
the resistance. The further away from the fulcrum the effort is applied, the greater the leverage; 
that is,thesmallertheforcethatisrequiredtoraisetheload(Figure 11.14) 

Comparative movemen ts at joints 

You will have noticed that we have contrasting degrees of movement at our knees and hips 
(and at shoulder and elbow). This is because of a fundamental difference in the types of jo ints 
involved(Figure 11.ISandTable 11.4) 

At the hip (and shoulder) is a 0011-and-socket joint, which is also a synovialjoint. In this 
type of joint, the ball-like surface of one bone (for example, the head of the humerus of the 
upper arm) fits into a cup-like depre,sion on another bone (the shoulder blade). This type of 
joint permits movements in all three planes, a type of movement described as circumduction. 

At the knee (and elbow), there is a hinge joint , which restricts movement to one plane. 
This is because of the shape of the articulating surfaces and also the position of the ligaments 
that hold the bones together. Movements at the elbow and knee are described as flexions and 
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Movement of 

shoulder and elbow 
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"Type of Joint synOYial - ball-and-'iOCket 1ynovial - hinqe 
Artlculatlng bones 'ihoulde< bl~de and humerus (head) humerus, radim and ulna 

Artlculatlngsurface(s) betweenshoulderbladeandhuml.'fus betweenhumerusandradimand ,,~ 

• Antagonistic muscle action - in insect and mammal skeletons 
You will remember that insects have bodies which are divided into a head, thorax and alx:lomen. 
The thorax has attached three pairs of jointed legs and tl'U pairs of wings. Body and limbs are 
covered by a tough external skeleton, or exoskeleton, with flexible membrane between the body 
segments and in the joints of the limbs. The muscles for movement are attached to the inside 
of the skeleton. The insect's legs are a series of hollow cylinders, held together by joints. Across 
the joints are attached muscles in antagonistic pairs. Figure 11.16 compares how bones and 
exoskeleton provide anchorage for muscles and act as levers to bring about movement in insects 
and in mammals 

• Figure 11.16 Limb lnsects~re arlhropod< - withan external skeleton and jointed limm 

t Distinguish 
between the 
following pairs 
endo1keletooand 
exoskeleton:bone 
;mdcarlilage; 
hinge joint and 
ball-and-socket 
jointl ig.imentand 

"""'" 
I TherontrnHedmo,ement ofa limb inanydirectioodepeodsonthe I 

balanceofopposingmntractiooofantagonirticpai"olmuscles. 
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• Skeletal muscle structure 
Skeletal muscles are attached to the moveable parts of skeletons and their contraction brings 
about locomotion. The muscles are attached by tendons and 11-Urk in antagonistic pairs 
(Figurell.12). 

Skeletal muscle consists of bundles of muscle fibres (Figure 11.17). The remarkable feature 
of a muscle fibre is the ability to shorten to half ot even a third of the relaxed or resting length. 
Fibres appear striped under the light microscope, so skeletal muscle is also known as striated 
muscle. Actually, each fibre is, itself, composed of a mass of m)Ofibrils , but we need the electron 
microscope to see this important detail 

photomicrographofl5voluntarymusde fib re. HP ("l500) 

The ultrastructure of skeletal muscle 
Skeletal muscle fibres are multinucleate and contain specialized endoplasmic reticulum. 
By electron microscopy, we can see that each muscle fibre consists of very many parallel 
myofibrils, within a plasma membrane known as the sarcolemma, together with cytoplasm 
The cytoplasm contains mitochondria packed between the myofibrils. The sarcolemma is 
folded to focm a system of transverse tubular endoplasmic reticulum, known as sarcoplasmic 
reticulum. This is arranged as a netwotk around individual myofibri\s. The arrangement 
of myofibrils, sarcolemma and mitochondria, surrounded by the sarcoplasmic membrane, is 
shown in Figure 11.18. 

The striped appearance of skeletal muscle is due to an interlocking arrangement 
of two types of protein filaments, known respectively as thick and thin filaments - they 
make up the myofibrils. These protein filaments are aligned, giving the appearance of stripes 
(alternating light and dark bands). This is shown in the more highly magnified electron 
micrograph and interpretive drawing in Figure 11.19. 
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• Flgure 11.1 9 
Theultrastructureof 
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The thick filaments are made of a protein called myosin. They are about 15 nm in diameter. 
The longer thin filaments are made of another protein, actin. Thin filaments are about 7 nm 
in diameter and are held together by transverse bands, known as Z lines. Each repeating unit of 
the myofibril is, for convenience of description, referred to as a sarcomere. So we can think of a 
myofibril as consisting of a series of sarcomeres, attached end to end. 

electronmicrographofanindividualsarcomere 

Draw and annotate a diagram of show the structure of a sarcomere; show Z lines, actin filaments, 
myosin filaments with 'heads', and the light and dark bands. 
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r 
Skeletal muscle contracts byslidingofthefilaments 
When skeletal muscle contracts, the actin and myosin filaments slide past each other, in 
response to nervous stimulation, call'ling shortening of the sarcomeres (Figure 11.20). This occurs 
in a series of steps, sometimes described as a ratchet mechanism. A great deal of ATP is used in 
the contraction process 

Shortening is possible because the thick filaments are composed of many myosin molecules, 
each with a bulbous head that protrudes from the length of the myosin filament. Along the 
actin filament is a complementary series of binding sites into which the bulbous heads fit. 
However, in muscle fibres at rest, the binding sites carry blocking.molecules (a protein called 
tropomyosin); so, binding and contraction are not possible at rest 

• Flgure11.20 

Muscle contraction of 

aslnglesarcomere 

Calcium ions play a critical part in the muscle fibre contraction mechanism, together with 
the proteins tropomyosin and troponin. The contraction of a sarcomere is best described in the 
following four steps 

I The myofibril is stimulated to contract by the arrival of an action potential (Figure 11.21). 
This triggers release of calcium ions from the sarcoplasmic reticulum, to surround the actin 
molecules. Calcium ions now react with an additional protein present (troponin) which, 
when so activated, triggers the removal of the blocking molecule, tropomyosin. The binding 
sites are now exposed 
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2 Each bulbous head to which ADP and P
1 
are attached (called a ch;irged bulbous head) irocts with 

a binding site co the actin molecule beside it The phosphare group (P1) is &hed at this moment. 
3 The ADP molecule is then released from the bulbous head and this is the trigger fur the rowing 

movement of the head, which tilts by an angle of about 45°, pu&hing the actin filament along 
At this step, the power stroke, the myofibril has been &hortened (contraction). 

4 Finally, a fresh molecule of ATP binds to the bulbous head. The protein of the bulbous head 
includes the enzyme AlPase, which catalyses the hydrolysis of ATP. When this reaction 
occurs, the ADP and inorganic phosphate (P1) formed remain attached, and the bulbous head 
is now 'charged' again. The charged head detaches from the binding site and straightens. 

r Role of fluorescent dyes in the investigation of muscle contraction 
The cyclic interactions in muscle contraction and their dependence on ATP was demonstrated 
by attaching fluorescent dye to the m)'USin molecules, prior to call'iing them to 'row' along the 
actin filament. When electromagnetic radiation of a particular wavelength illuminated this 
contracting tissue, the cyclic movement of the m~·osin heads was detectible. The velocity of 
movement observed could be correlated with changing ATP concentrations. 

• Muscles, contro ll ed movements and posture 
Muscles are involved in maintaining lxx:ly posture and in subtle and delicate movements, as well 
as in vigorous or even violent actions. Consequently, nervous control of muscle contraction may 
cause relaxed muscle to contract slightly, moderately or fully, depending on the occasion. In these 
differing states of contraction, the overall lengths of the sarcomeres are changed accordingly. 
These relative changes are illustrated diagrammatically in a single sarcomere in figure 11.22. 
Below them is a representation of part of a m}Ufibril, seen at a particular stage of contraction. 
This representation is not diagrammatic, but is based on an interpretation of an electron 
micrograph. Now see question 11 (which is concerned with analysing the state of contraction of 
myofibrils) and question IZ (which involves accurate measurements of the length of sarcomeres). 

thin filament 2slighdycontractKI 

2=t ~ ~~'"''"''~,,,,~ 

3 mod .. atelycontrad•d 

(myosin) 

4fullycontract«I 

sketch reprHentingamyofib rilatapa-brula,stageinront,action. 
basedoojnte,p<etatiooofaTEMofasampleofstriatedmusde 

• Rg ure 11.22Anal~lngstatesofcontractlonlnstrlatedmuscleflbres 
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• Flgure 11.23 

Osmoregulatlonln 

freshwater Amoeba 

11 11 1dentlfytheapprnximate1tateofrnntracticmillustratedinthesKetchoftheelectronmicrographof.1 
myofibril~owninfigure11.22 

b Sketch a similar myofibril. fu lly rnntr..cted. Label your drawing (~owing sarrnmere. z lines. light band 
and dark band). 

12 Viewing a prepared stainl.'d slkie of stripped skeietal muscle. meuure the length of the 1arromere1. using 
aneye-piecegraticule.calibrated~sshowninfigures 1.8and 1.<J. pages<Jand 10 

11 .3 The kidney and osmoregulation -,11,n;m,1, 
excrete nitrogenous waste products and some animals also balance water and solute 
concentrations 

The chemical reactions of metabolism give by-products. Some of these would be toxic if they 
were allowed to accumulate in the organism. Excretion is die removal from the body of 
the waste products of metabolism. Excretion is a characteristic activity of al\ living things 
Metabolites that are present in excessh·e concentrations are also excreted 

In mammals, excretion plays an important part in the process by which the internal 
environment is regulated to maintain more or less constant conditions (homeostasis). 

Associated with excretion, and very much part ofhomeostasis, is the process of 
Olimoregulation. Osmoregulation is the maintenance of a proper balance of water and dissolved 
substances in the organism 

• Why osmoregulation is im portant in animals 
All animals need to balance water uptake and loss from the lxxly. We know that water 
enters and exits cells by osmosis (page 39). If water uptake into animal cells is excessive, the 
hydrostatic pressure that quickly develops stretches the plasma membrane to the i:oint of 
bursting. The problem is illustrated by the fresh water protozoan, Amoeba, through the constant 
pumping action of its contractile vacuole (Figure 11.23). If the cytoplasm of the amoeba is 
anaesthetized, the contractile nicuole ceases pumping and the cell rapidly bursts 

vesicles empty into ;::,.~,::;::::.!ffits J hecootractilevaruole 
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Alternatively, if water loss is excessive, a cell will shrink and die, for water is an essential and 
major component of cytoplasm of all living organisms - it makes up about 90% of cell ,ulume 
(Figurel.46,page41) 

• Osmoconformer or osmoregulator? 
Some animals maintain the osmotic concentration (osmolarity) of their cells and lxx:ly fluids 
at the same concentration as that of the environment. These are the osmoconformers. Many 
marine non-vertebrates osmoconform, maintaining their osmolarity at the same level as sea 
water. There is no tendency for water uptake (or loss) to occur from their cells and tissues -
across their gills, for example. This is achieved by retaining in their cells and body fluids some 
of the dissolved ions from the environment. 

Other animals , including humans, control their internal osmolarity independently of 
environmental conditions (they are osmoregulators). The unit of measurement of osmolarity is 
milliosmoles per litre (mOsmdm-1). Sea water (roughly 3% solution of sodium chloride) has an 
omolarity of about lOOO mOsmdm-1. Fresh water has a variable, but extremely low osmolarity, 
by comparison. The osmolarityofhuman bkxxl is about 300 m0smdm-J. Our osmolarity is 

maintained at this level by regulation of the balance of dissolved substances and water in body 
fluids. The concentrations of inorganic ions, such as Na• and Cl-, and of sugars and amino acids 
(non.electrolytes) are regulated in the blood and tissue fluids, along with the water content. 
The osmolarity of these liquids is maintained at the same level as that of the cell cytoplasm. 

The kidneys are where any excess solutes and water are removed from the bkxxl circulation. 
How the kidneys bring this about we will discuss next. The steps to o,mmegulation by negative 
feedbackaresummarizedinFigurell.34, page478. 

Finally, we should remember that a major threat for terrestrial organisms, in general, is the 
danger of excessive water loss, leading to dehydration. This is because fresh water for uptake 
or drinking can sometimes be in short supply, and mechanisms for gaseous exchange involve 
continuous and significant loss of water nipour (Figure 11.24). 
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c.H,,o. + 60, --. 6CO, + 6H,O 
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• The challenge of nitrogen excretion in animals 
In animals, any excess protein in the diet cannot be stored. Consequently, after proteins have 
been hydrolysed to amino acids, excess amino acids are deaminated - by the remm11l of the 

loss of water amino group. Once this group is remm·ed, a likely initial product is ammonia. This is extremely 
vapour from tile toxic to cells, if it is allowed to accumulate. So, the amino group may be converted into a much - "°"'~--- less dangerous nitrogenous excretory product. Urea is an example - a chemical compound 

synthesized from carbon dioxide and ammonia. In dilute solution, urea may be safely excreted 
from the body, as it is in mammals (figure 11.15). How different animals respond to the 
excretion of nitrogenous waste, and to other demands on their excretory systems, may be related 
to structure, physiology, environment and evolutionary history. Examples of this are shown by 
study of excretion in 

• Flgure11.25 

• mammals that are adapted to contrasting environments 

• othervertebrategroups 

We will return to this later, after the issue of human kidney function has been examined 

Biochemi ca l chang• : Fate of products: 

1.prot• ins hydroiysed to aminoacids 

metabolizedtopyru,ate ~ resp<,ed,,;alhe --< Kreb<Cyde 

lNHJ 
/ converted to 

• The human kidney - an organ of excretion and osmoregulation 
The role of our kidneys is to regulate the body's internal environment by constantly 
adjusting the composition of the blood. Waste products of metabolism are transported from 
the metabolizing cells by the blood circulation, removed from the blood in the kidneys 
and excreted in a solution called urine. At the same time, the concentrations of inorganic 
ions, such as Na* and CJ- , and of water in the body are also regulated in the kidneys. The 
functioning of the kidney is another example of homeostasis by negative feedback (see 
Figure6.52,page301). 

The position of the kidneys in humans is shown in Figure 11.26. Each kidney is served by 
a renal arter y and drained by a renal vein. Urine from the kidney is carried to the bladder 
by the ureter, and (occasionally) from the bladder to the exterior by the urethra , when the 
bladder sphincter muscle is relaxed. Together these structures are knov.n as the urinary 
system 
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kidney 
(attached to 
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In section, a kidney can be seen to consist of an outer cortex and inner medulla, and these are 
made up of a million or more tiny tubules, called nephrons. The shape of a nephron and its 
arrangement in the kidney are shown in Figure 11.27. 

Blood vessels are closely associated with each of the distinctly shaped regions of the 
nephrons. For example, the first part of the nephron is formed into a cup-shaped renal or 
Bowman's capsule, and the capillary network here is known as the glomerulus. These occur 
in the cortex. The convoluted tubules occur partly in the cortex and partly in the medulla, 
but notice that the extended loops of Henle and collecting ducts occur largely in the 
medulla. 

Each region of the nephron has a specific role to play in the work of the kidney, and the 
capillary network serving the nephron plays a key part, too, as we shall now see. 

Drawing and labelling as diagram of the human kidney 
Construct your drawing of the human kidney, seen in longitudinal section (see Figure 11.27), 
so that the cortex region occupies no more than 20% of the width of the organ. Show the 
series of pyramid-like parts of the medulla that point towards the pelvis region, together with 
the renal artery (narrow) and vein (broad) which enter and exit jll'it above the ureter. Exclude 
representation of individual nephrons on this scale of drawing. 

The labels required are: cortex, medulla, pelvis, ureter, and renal artery and vein 

betwel'll exmtkm. The formation of urine 
ege1tion. 
osmoregu!ation and In humans, about 1.0- 1.51 of urine is formed each day, typically containing about 40- SOg of 
sl.'Cretion by means solutes, of which urea (about JOg) and sodium chloride (up to 15g) make up the bulk. The 
of both definitions nephron prOOuces urine in a continuous process, which we can conveniently divide into fh·e 

_ ,_,,_,._,m_pl_"__ steps to show how the blood composition is so precisely regulated. 

S tep I: Ultrnfiltration in the renal capsule 

In the glomerulus, much of the water and many relatively small molecules present in 
the blood plasma, including useful ions, glucose and amino acids, are forced out of the 
capillaries, along with urea, into the lumen of the capsule (Figure 11.28). This fluid is called 
the glomerular filtrate and the process is described as ultrafiltr ation, because it is powered 
by the pressure of the blood. The blood pressure here is high enough for ultrafiltration 
because the input capillary (afferent arteriole) is significantly wider than the output capillary 
(efferent arteriole). 
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fal ... colour scanningel..:tronmicrographofpodoqrtes(palepurple)with 
theirextensionswrappedaroundthebloodcapillaries(pink/red)(>,:3500) 

• Rgure 11.28Theslteofultraflltratlon 

The barrier between the blood plasma and the lumen of the Bowman's capsule functions as 
of energy for a filter or 'sie,·e' through which ultrnfiltration occurs. This sieve is made of two layers of cells 
ultrafiltratkm in the (the endothelium of the capillaries of the glomerulus and the epithelium of the capsule wall), 
gklmerulus between which is a basement membrane 

Youcansee1hisarrangememi11Figure11.28. 
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Acompar1sonofchlef 

Notice that the cells of the inner wall of the capsule are called podocytes, because they have 
foot-like extensions. These wrap around the capillaries of the glomerulus, leaving a network of 
slits between the extensions 

Similarly, the endothelium of the capillaries has pores. These are large enough for fluid to 
pass through, but not large enough for the passage of blood cells. This detail has only become 
known because of studies using the electron microscope; these filtration gaps are very small 
indeed. 

Finally, there is the basement membrane, which is a la~·er that surrounds and supports the 
capillary walls . This structure consists of a mesh-work of glyooproteiru that allows the filtrate to 
pass,butthatretairualmostalloftheplasmaproteins. 

The fluid that has filtered through into the renal capsule is very similar to blood plasma, but 
it has a significant difference (Table 11.5). Not only are blood cells retained in plasma, but the 
majority of blood proteins and polypt'ptides also remain there. 

Blood plu ma FIitrate 

components of the glurns.e* 
blood plasma and the ~=---~--~-
glomerular fl ltrate 

('moldm-•r •mgdm-.l) ~ '-'"-"'-~·-· --------

select lvereabsorpUon 
ln theproxlmal 

Step 2: Selective reabsorption in the proximal convoluted tubule 

The proximal convoluted tubule is the longest section of the nephron and it is here that 
a large part of the filtrate is reabsorbed into the capillary network. The walls of the tubule are 
one cell thick and their cells are packed with mitochondria; we expect this, if active transport 
is a key part mechanism in reabsorption. The cell membranes of the cells of the tubule wall (in 
contact with the filtrate) all have a 'brush border' of microvilli. These enormously increase the 
surface area where reabsorption occurs (Figure 11.29). The individual mechanisms of transport 
are given in Table 11.6 

Component of filtrate Mechanlsmofreabsorptlon 
~gars. amino adds and mg.irs by active transport ..cross the cell surface membfane by the action 
otheress.entialmet.ibolites ofspecialurrie r pmteins inaprocessknownasco-tfansport 

ions{Na·.ct-andothers) 

(Figure 11.]0);acarrierprnteinusesthediffusionofhydrogenionsdown 
theirelectrochemicalgradientintothecellto drivetheuptakeofmolerules. 
typica llyagainsttheirconcentraboogradient 

aminoacid1andotheres,;enti.ilmet.ibolitesbyaclivetranspo1t 

16 The cells of the walls of the proximal convohrted tubule have a brush border. Describe wha t this means 
and ex.plaln howithelps intubulefunclion 

Step 3: \Vater conser vation in the loop of H enle 

The function of the loop of Henle is to enable the kidneys to conserve water. Since urea 
is expelled from the body in solution, some water loss in excretion is inevitable. There is a 
potential problem here. Water is a major component of the body and it can be a scarce resource 
for terrestrial organisms. It is important, therefore, that (when necessary) mammals are able 
to form urine which is more concentrated than the bkxxl, thereby reducing water loss to a 
minimum. Human urine can be five times as concentrated as the blood, due to the action of the 
loop of Henle. 
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• Flgure 11.29Reabsorptlonlntheproxlmalconvolutedtubule 

• Flgure 11.30 
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The structure of the loop of Henle with ill descending and ascending limbs, together with a 
parallel blood supply, the vasa recta, is shown in Figure II.JI. The Yasa recta is part of the same 
capillary netl'Ufk that surrounds a nephron. 

The 1'-Urking loops of Henle and their capillary loops create and maintain an osmotic 
gradient in the medulla of the kidney. The gradient across the medulla is from a less 
concentrated salt solution near the cortex to the most concentrated salt solution at the tips of 
the pyramid of the medulla (Figure 11.27). The pyramid region of the medulla consists mostly 
of the collecting ducts. Thus, the loop of Henle maintains hyper tonic conditions around the 
collecting ducts. The osmotic gradient allows water to be withdrawn from the collecting ducts if 
circumstances require it. How this occurs we shall discuss shortly. 

First, there is the question of how the gradient itself is created by the loops of Henle. 
The gradient is brought about by a mechanism known as a counter-current multiplier. 
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• Flgure11.31 

The functioning loop 

Counter-current exchange 

Here, the principles of counter-current exchange involve exchange between fluids flowing in 
opposite directions in t\\U systems. The annotations in Figure 11.31 show how the counter­
current mechanism works. When following these annotations, remember that the descending 
and ascending limbs lie close together in the kidney. 

[ _ _J_H--::;:o'- penneabletoK>n< 
(Na•.c11.oot 
impermeable to water 

---t---tt----t-1a•.crareactively 

c!escending limb are~--J-f---i 
permeable to water 

~~.:.~:~c:e;.;:.""'--++-+-1 
kmofwate<byosmosis 

Ahicj>coocentratiooofsaltsi<fufmedinthell\l'Wll.l. 
whichallowswate<tobeabsoroed fromthenearby 
collecting ducts 

transportedoot 

water km causes the 
solutDnofiomto 

Look fim or the second half of rhe loop, the ascending limb. In the upper (thick-walled) part 
of the ascending limb, sodium and chloride ions are pumped out of the filtrate into the fluid 
between the cells of the medulla, called the interstitial fluid. The energy to pump these ions 
is transferred from ATP. In the lower (thin-walled) part of the ascending limb, sodium and 
chloride ions diffuse out into the interstitial fluid. This movement of sodium chloride out of 
the tubule helps maintain the osmolarity of the interstitial fluid in the medulla. All along 
the ascending limbs, the walls are unusual in being impermeable to water. So, water in the 
ascending limb is retained in the filtrate as salt is pumped out. 

Opposite is the fim half of the loop, the descending limb. This limb is fully permeable 
to water, but is of very low permeability to solutes generally. Here, water passes out into the 
interstitial fluid by m;mosis , due to the salt concentration in the medulla. 

Exchange in this counter-current multiplier is a dynamic process that occurs in the whole 
length of the loop. At each level in the loop, the salt concentration in the descending limb is 
slightly higher than the salt concentration in the adjacent ascending limb. As the filtrate flows, 
the concentrating effect is multiplied and so the fluid in and around the hairpin bend of the 
loopsofHenleissaltiest. 
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The function of the vasa recta is to deliver oxygen to and remove carbon dioxide from the 
metabolically active cells of the loop of Henle. The vasa recta also absorbs water that has passed 
into the medulla at the collecting ducts. We discuss the working of these ducts in stage 5, below. 

Step 4: Blood pH and ion concentration regulation in the dista l convoluted tubule 

The cells of the walls of the distal convoluted tubule are of the same structure as those of the 
proximal convoluted tubule, but their roles differ somewhat. 

Here, the cells of the tubule walls adjust the composition of the blood - in particular, the 
pH . Also in the distal convoluted tubule, the concentration of useful ions is regulated. In 
particular, the concentration of potassium ions (K*) is adjusted by secretion of any excess present 
in the plasma into the filtrate. Similarly, the concentration of sodium ions (Na' ) in the body is 
regulated by varying the amount of sodium chloride that is reabsorbed from the filtrate. 

Step 5: \Vater reahsorption in the collect ing ducts 

When the intake of water exceeds the body's normal needs, the urine prcxluced is copious and 
dilute. We notice this after drinking a lot of water. On the other hand, if we have taken in very 
little water, have been sweating heavily (part of our temperature regulation mechanism) or if we 
have eaten very salty food, perhaps, then a small volume of concentrated urine is formed 

Osmoregulation, the control of the water content of the blood (and therefore of the whole 
body), is a part of homeostasis - another example of regulation by negative feedback. 

Howexncdy~ihisbrougluabout! 
The hypothalamus, part of the floor of the forebrain (Figure 11.32), controls many body 

functions. The composition of the blood is continuously monitored here, as it circulates 
through the capillary networks of the hypothalamus. Data is also received at the hypothalamus 
from sensory receptors located in certain organs in the body. All these inputs enable the 
hypothalamus to control accurately the activity of the pituitary gland 

The pituitary gland is situated below the hypothalamll'i, but is connected to it (Figure 11.32). 
The pituitary gland, as a whole, prcxluces and releases hormones (it is part of our endocrine 
system) - in fact, it has been called the 'master' hormone gland. In the process of 
osmoregulation, it is the posterior part of the pituitary that stores and releases antidiuretic 
hormone (ADH ) - among other hormones. (Other parts of the pituitary also secrete hormones, 
regulating a range of other body activities and functions.) 

ADH is actually prcxluced in the hypothalamus and stored in vesicles at the ends 
of neurosecretory cells in the posterior pituitary gland. When nerve impulses from the 
hypothalamus trigger release of ADH into the capillary networks in the posterior pituitary, 
ADH circulates in the bkxxlstream. However, the targets of this hormone are the walls of the 
collecting ducts of the kidney tubules 

When the water content of the blood is low, antidiuretic hormone (ADH ) is secreted from 
the posterior pituitary gland. When the water content of the blood is high, little or no ADH is 
secreted 

How doei ADH change ihe pmneabiliry of the walls of the colkcring ducts! 
The cell surface membranes of the cells that form the walls of the collecting ducts contain a 

high proportion of channel proteins (aquaporin proteins); each molecule is capable of forming 
an open pore running down its centre. You can see the structure of a fluid mosaic membrane 
and its channel proteins in Figure 1.34, page 31, and Figure 1.41, page 37. 

When there is an excess of ADH in the blood circulating past the kidney tubules, this 
hormone binds to receptor molecules in the col1ecting-duct membrane, causing the protein 
channels in the membranes to open. As a result, much water diffuses out into the medulla and 
very little diffuses from the medulla into the col1ecting ducts (Figure 11.33). 

Can you explain why! You may need w go back w s1ep 3 abow. 
The water entering the medulla is taken up and redistributed in the body by the blood 

circulation. Only a small amount of very concentrated urine is formed. Meanwhile, the action 
of the liver continually removes and inactinltes ADH. This means that the presence of freshly 
releasedADHhasaregulatoryeffect. 
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• Flgure11.32 
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• Fl g ure 11.33Waterreabsorptlonlnthecollectlngducts 
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• sw..atedexcessiYely 
• eaten salty food 
thet,;poth..lamusdetectsthisaf>doirectsthe 
posterio<pituitaryg\andtosec:n,teADH 

\ Vhen ADH is absent from the blood circulating past the kidney tubules, the protein channels 
in the collecting-duct plasma membranes are closed. The amount of water that is retained by the 
medulla tissue is now minimal. The urine becomes copious and dilute. 

A summary of o,moregulation by the kidneys is shown in figure 11.34. 

A nnotat ion of a diagram of the neph ron 

You are now in a position to constnx:t a diagram of an individual nephron, extending from the 
Bowman's capsule to the collecting duct, with its associated blood supply. 

Use the knowledge you have gained to annotate the following regions and structures, 
_____ highlighting the features of each and recording its function in the production of urine· 

Bowman's capsule; proximal convoluted tubule; loop of Henle; distal convoluted tubule; 
rnndiUom in collecting duct. Use the diagram of the nephron in Figure 11.27, page 470, to help you ;:~= ADH is Include also the blood ver.sels: afferent arteriole; glomerulus; efferent arteriole; capillary bed 

_____ surroundingthecom·olutedtubules;vasarecta;venules 

• Differences in composition of blood plasma, g lomerular 
filtrate and urine 

The composition of urine that is excreted from the lxxly is variable - depending on diet 
(including salt intake and amount of protein consumed), water intake, degree of physical 
activity, environmental conditions, water lor.s by other routes (particularly in sweat) and our 
state of health 

On the other hand, the composition of the blood is held more or less constant. This is due 
to the efficiency of the homeostatic mechanisms of the lxxly, particular those operating at the 
kidney tubules 
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• Flgure11.34 
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Similarly, the composition of the filtrate passing into the renal capsule is remarkably constant 
This is the result of ultrafiltration in the glomerulus, the pressure of the bkxxl, and the sizes of the 
bkxxl proteins and polypeptides dissolved in the plasma - they are mostly too large to be filtered 

In Table 11.7, we have evidence of the power of the ultrafiltration mechanism and the 
scale of selective reabsorption. And we see the largest divergence in concentration when the 
composition of the filtrate is compared with composition of urine, formed in one day. 
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1r~;·~:~~~fi~entl-j • Kidney failure 
re rial arteries Kidney failure may be caused by bacterial infection, by external mechanical damage or by high 
Identi fy and 11st blood pressure. In the event of renal failure, urea, water and sodium ions start to accumulate in 
the differences )'{JU the blood. In mild cases, regulation of diet (particularly of fluids, salt and proteins consumed) 

_ w_,,_s_ao_lic_ipa_, _ maybe sufficient to minimize the task of the remaining kidney tubules, so the lxxlycopes 

Detection of kidney failure, or other medical conditions 
Samples of urine may be tested for the presence of: 

• abnormal components, such as blood cells and proteins 

• drugs, in anti·doping investigations 

• glucose,inthecaseofsuspecteddiabetes 
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Treatment of k idney failure 
In cases where more than SO% of kidney function has been lost, hemodialysis may be required 
every few days, in addition to a strict prescribed diet. In dialysis , the bkxxl circulation is 
connected to a dialysis machine as shown in Figure I 1.35. Blood is repeatedly circulated outside 
the lxxly for 6- 10 hours, through a fine tube of cellophane (a partially permeable membrane). 
This is bathed in dialysate, a fluid of equal solute potential and similar composition to that of 
blood leaving a healthy kidney. This prevents net outward diffusion of the useful components of 
blood (mainly water, ions, sugars and amino acids) but allows diffll'lion of urea and other toxic 
substances outwards. 
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• Rgure11.35 Theprlnc lpleof dlalysls 
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Ideally, acute renal failure is rectified by kidney transplant from a donor whose cell type is 
sufficiently compatible with that of the recipient. A kidney from a non-compatible donot would 
generate an immunological reaction, leading to rejection of the kidney. No match is 'perfect'; 
however, at transplantation the antilxxly-producing cells of the recipient are suppressed. 
Subsequently, drugs that suppress the lxxly's response to 'foreign' proteins (the immune response, 
page 271) have to be administered permanently. 

• Mechanisms for excretion in other animals 
Excretion in insects 
Insects (phylum Arthropoda, page 234) are adapted to surviYe and prosper as terrestrial 
organisms. Their ability to conserve water in the process of excretion is an important factor 
in their success. Remember, within the insect's body is an open blood circulation system (in a 
hemocoel); their blood does not circulate in discrete blood vessels under relatively high pressure, 
as invertebrates. 

Another significant difference with insects is that their cells form uric acid as the 
nitrogenous excretory material. This acid, as its potassium salt, is removed from the blood at the 
Malpighian tubules. These closed tubules lie in the hemocoel and empty into the alimentary 
canal at the junction of mid and hind gut (Figure 11.36) 

Lx>k in the diagmm ai 1he position and role of the Malpighian rubideJ. 
The upper part of the tubule secretes potassium urate into the lumen of the tubule. Carbon 

dioxide and water diffuse in, t()(). In the lower tubule, these contents react together forming 
uric acid, potassium hydrogencarbonate and water. Now, uric acid passes into the gut, and 
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• Flgure11.36 

hydrogencarbonate and water are transported back into the blcod. In the rectum, much water 
is withdrawn from the faeces and is transported back into the hemocoel; the uric acid becomes 
solidpelletsthatleavethebcxlywiththefaeces 

Water loss from an insect's body is also reduced by the presence of a waxy cuticle 
over the external surface of the exoskeleton. A system of tubules (tracheae) pipe oxygen 
to all the bcxly tissues; these tracheae have openings known as spiracles. Valves conttol 
movement of gases through the spiracles and further reduce loss of water vapour during 
gaseous exchange 
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Excretion in mammals is adapted to contrasting environments 
In mammals, we have seen that urea is expelled from the bcxly in solution, so some water 
loss in excretion is inevitable. However, where necessary, mammals are able to form urine that 
is more concentrated than the blcod plasma, maximizing the amount of water retained 
and enabling them to colonize dry land. Nephrons achieve this function due to the 
loop of Henle 
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In fact, the lengths of both the loop of Henle and the collecting docts, and the general 
thickness of the medulla region of the kidneys, increases progressively in mammals that are best 
adaptedtodrierhabitats(Figurell..37). 
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• Nitrogen excretion - habitat and evolutionary history 
The three common products of nitrogenous excretion in animals are ammonia, urea and uric 
acid. The excretion of each in relation to the quantity of water required for safe disposal is 
markedly different, as shown in Table 11.8. Excretory prOOuct can be correlated with different 
groupsofanimals(arultheirtypicalenvironments) 
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• Investigation of water loss in desert animals 
Animals of arid or desert regions dearly survive with little or no liquid water in their diets. 
This group of animals includes the kangaroo rat (Dipodamys species), which lives in hot dry deserts, 
but hides in a burrow during daylight. It is able to survive without access to drinking water. 

Physiologists have investigated the metabolism, diet, and breathing and excretory losses 
of water in this, and other, animals. They noted that extremely concentrated urine is formed 
(see Figure 11.37) and no sweat is produced. Typical results from the measurements and 
estimates of water gain and water loss over a 28--day period are shown in Figure 11.38. This 
data establishes why it is that survival is possible for a well-adapted animal. Several species 
aresoadapted. lnfact,desertshavearemarkablefauna (and flora) that is only visible at 
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11.4 Sexual reproduction - sexual reproduction involves the 
development and fusion of haploid gametes 

In sexual reproduction, sex cells (gametes) fuse to form a zygote, which then grows into a new 
individual The g-ametes are produced in paired glands called gonads - male gametes, or sperms, 

-,,- ,-,,-,,-,.-w-ha-, - are formed in testes (figure 6.60, page 307); female gametes, 0~11 or oocytes (singular, ovum or 
evidence there is oocyte)areformedinovaries(Figure6.61,page308). 
that, in n.iture, only The process of g-amete formation, known as gametogenesis, involves not only mitosis but also 
rnme indivklual1 of meiotic division, thereby halving the normal chromosome number. That is, gametes are haploid. 

ti~e=~~i~~ceed Fer~~: a:;;;c;:::
0
:~st~~ei~:da:::rs~:p~h:::::~:rmation are what we consider first. 

multiplication phase 

growth phase 

maturationph aH 

• Gametogenesis 
In gametogenesis, many gametes are prcxluced, although relatively few of them are ewr used in 
reprcxluction. The proces.ses of gamete formation in testes and ovaries have a common sequence 
of phases. 

First, there is a multiplication phase in which the gamete mother cells divide by mitotic cell 
division (Figure 1.58, page 54). This division is then repeated to produce many cells with the 
potential to become gametes. 

Secondly, each developing sex cell undergoes a growth phase. 
Third and finally, comes the maturation phase. This involves meiosis and results in the 

formation of the haploid g-ametes. The products of meiosis I are secondary spermatocytes and 
secondary oocytes, and the products of meiosis II are spermatids and ova. The steps of meia;is 
aredescribedonpage414, Figure JO.I 

These phases in sperm and ovum production are summarized in Figure 11.39; the differences 
between gametogenesis in testis and m11ry are listed in Table 11.9 (page489). 

• Fl gure 11.39 The phasesandchanges durl nggametogenesls 

• The structure and fun ctioning of t he testis 
In the human fetus, testes develop high on the posterior alxlominal W\l.ll and migrate to the 
scrotum in about the seventh month of pregnancy. In the scrotum, the paired testes are held at 
a temperature 2- J"C below body temperature after birth. This lov,er temperature is eventually 
necessary for sperm prcxluction - testes that fail to migrate do not later produce sperms. 
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Spermatogenesis begiru in the testes at puberty and continues throughout life. Each testis 
coruists of many seminiferous tubules. These are lined by germinal epithelial cells which divide 
repeatedly. Tubules drain into a system of channels leading to the epididymis, a much coiled 
tube which leads to the sperm duct. Between the individual seminiferous tubules is connective 
tiS&Je containing blood capillaries, together with groups of interstitial cells. These latter cells 
are hormone secreting (the testis is also an endocrine gland). Testes are suspended by a spermatic 
cord containing the sperm duct and blood ves.sels (Figure 11.40). 

In the seminiferous tubules, the germinal epithelial cells are attached to the basement 
membrane, along with the nutritive cells. Cells from the subsequent steps of sperm production 
(spermatogonia, primary spermatocytes, secondary spermatocytes and spermatids) occur lodged 
in the surface of the Sertoli cells (nutritive cells) on which they are dependent until they mature 
intospermatozoa(sperms)(Figuresll.41andll.42) 

• Flgure11.40 Photomlcrographoftestlstlssuelnsectlon,andlnterpretlvedrawlng 

photomicrographofTSof seminiferoustubule.HP(~1 000) 

• Flgure11.41 Structureof asemlnlferoustubule -slteofspermproductlon 
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You need to be able to draw a diagram of a section through part of a seminiferotl'l tubule, 
showing the stages of gametogenesis. You must be able to annotate your diagram with details of 
the structures present and their functions 

The mature sperms, and the production of semen 
The sperms are immobile when first formed. From the seminiferous tubules, they pass into 
the much coiled epididymis, where maturation is completed and storage occurs. During 
an ejaculation, the sperms are moved by waves of contraction in the muscular walls of the 

-,,- ,-,,.-,_-es-,ru-"-"'"-' - sperm ducts. Sperms are transported in a nutritive fluid that is secreted by glands, mainly the 
)IOU will anootate in seminal ,·esicles and prostate gland. These glands add their secretions just at the point where 
)'O\lf diagram of a the sperm ducts join with the urethra, below the base of the penis (Figure 6.60, page 307). As 
m.iture sperm and well as providing nutrients for the sperms, semen is a slightly alkaline fluid, the significance 
outline the m~s of which we will return to later. During an ejaculation, the sphincter muscle at the base of the 
)'OUwillamplily. bladder is closed 

• Fl gure 11.42 
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You need to be able to draw a diagram of a mature sperm and to annotate it with details of 
structurespresentandtheirfunctions 

The roles of hormones in spermatogenesis 
The onset of puberty is triggered by a part of the brain called the hypothalamus. Here, 
production and secretion of a releasing hormone cause the nearby pituitary gland (the 
master endocrine gland) to produce and release into the blood circulation two hormones, 
known as follicle-stimulat ing hormone (FSH) and luteinizing hormone (LH). These 
hormones are so named because their roles in sexual development in humans were first 
discovered in the female reproductive system. However, FSH and LH operate in males also 
(Figurell.43). 

So, at puberty, a hormone from the hypothalamus triggers the secretion ofFSH and LH 
by the anterior lobe of the pituitary. In the male, the first effect of FSH is to initiate sperm 
production in the testes. LH stimulates the eOOocrine cells of the testes to secrete testosterone. 
Subsequently, testosterone aOO FSH together maintain continued sperm prOOuction and 
growth of the essential Sertoli cells that support sperms with nutrients as they grow and develop 
in the testes 

Subsequently, secretion of testo,terone continues throughout life. Over-secretion of 
testosteroneisregulatedbynegativefeedbackcontrol,asanexcessivelyhighlevelof 
testosterone in the blood inhibits secretion ofLH. Only when the concentration ofLH in the 
blood has fallen significantly, will testosterone production recommence. (Similarly, over-activity 
of the nutritive cells inhibits secretion of FSH for a while.) 
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• Rgure11.43 

Hormone regulation 

of sperm production ~ hypothalamus 
(partoffo!l.'b<ain) 

"'"''"''o,moo•'= 
hypothala,ooscontmlslelease 

aoterio< offs.HandlJ-lbythe 
pituitary anteriofpituitary 

'""' 

------------• 
negatinfeedback control 

• - - --- inhibirbnof 

lH,eaerion 

~ \I 

secrebonol : 
testoste ron• -------• ·fexcen ----' 

• Risks to human male fertility from the female contraceptive pill 
The oral contraceptive pill ('the pill') contains two hormones that are chemically very similar to 

estrogen and progesterone. The steps to contraception require the woman to take one pill at the 
same time each day, for 21 days. Then an inert pill (a placebo) is taken for seven days (or no pill 
at all), and during this time menstruation occurs. The effect of the pill is to: 

• stop the ovaries releasing an egg each month (ovulation) 
• thicken the mucus in the cervix, making it difficult for sperm to reach the egg 
• make the lining of the uterll'l thinner, so it is less likely to accept a fertilized egg. 

The pill works by depressing the release of FSH and LH from the pituitary gland (without 
completely stopping their release). This restricts the growth of follicles in the cwaries, and so a 
secondary oocyte does not grow and is not released 

Now, as a consequence of the following factors, humans are experiencing increased exposure 
toestrogens: 

• thewidespreaduseofthepill 
• the way the kidneys constantly remove hormones from the blood and transfer them to the 

urine 
• the discharge of treated sewage effluent into rivers 
• rivers being the source of much of our drinking water. 

At the same time as this increasing exposure, there is evidence of decreasing fertility in human 
males 

How may these be linked! Look again ar Figure 11.43. Can you see a link between changing male 
ferrili1y and envirornmmui/ uposure ro emvgens? Wha1 riik asse1,smems were missed or inadequa1e in the 
policy of widespread availabiliry of the pill! Whar steps in the original research may haw bceii Ol>erlooked? 
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• The structure and functioning of the ovaries 
In the female, the ovaries are about 3cm long and 1.5 cm thick. These paired structures are 
suspended by ligaments near the base of the abdominal cavity. A5 well as producing egg cells, 
the ovaries are also endocrine glands. They secrete the female sex hormones estrogen and 
progesterone. A pair of oviducts extend from the uterll'i and open as funnels close to the ovaries. 
The oviducts transport oocytes and are the site of fertilization. In the event of fertilization, 
development of the fetll'i will occur in the uterus 

The steps of oogenesis occur in the ovary. Ovulation, the process by which an egg is released 
to the oviduct, occurs at the secondary oocyte stage. Development of a secondary oocyte into 
an m'um is triggered in the oviduct, iffertilization occurs. Consequently, a thin section through 
a mature ovary, examined by light microscopy, shows the de,,eloping oocytes at differing stages 
(Figurell.44). 

• Rgure 11.44 Photomlcrographofanovarylnsectlon,andlnterpretlvedrawlng 

The structure of the ovary and the steps of oogenesis 
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Oogenesis begins in the ovaries of the fetus before birth, but the final development of oocytes 
is only completed in adult life (Figure 11.45). The germinal epithelium, which lines the outer 
surface of the m.iry, divides by mitotic cell division (Figure 1.58, page 54) to form numerO\l'i 
oogonia. These cells migrate into the connective tissue of the ovary, where they grow and 
enlarge to form oocytes. Each oocyte becomes ,urrounded by layers of follicle cells, and the 
wholestructureiscalledaprimaryfollicle. 

By mid-pregnancy, production of oogonia in the fetus ceases - by this stage there are 
several million in each OV11ry. Very many degenerate, a process that continues throughout life 
At the onset of puberty, the number of primary oocytes remaining is about 150000. Less than 
1% of these follicles will complete their development; the remainder never become secondary 
oocytes or m.i. 

Between puberty, at about 11 years, and the cessation of m'ulation at menopause, typically 
at about 55 years of age, primary follicles begin to develop further. Several start growth each 
month, but usually only one matures. De~·elopment involves progressive enlargement and, 
at the same time, the follicles move to the outer part of the ovary. The primary follicle then 
undergoes meiosis I (pages 413- 416), but the cytoplasmic division that follows is unequal, 
forming a tiny polar body and a secondary oocyte (Figure 11.46). The second meiotic 
division, meiosis II (pages 416--417), then begins, but it does not go to completion. In this 
condition the egg cell (it is still a secondary oocyte) is released from the ovary (ovulation), by 
ruptureofthefolliclewall(Figure 11.45). 
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@ - second.:wy pdar 

( ) """""' :.. 
@ _ OYum(n) polar --=,. 
b•ginsmeiosi, l but 
this does not complete 
unti,pe,mnucleus 
penetrates cytoplasm 
oloocyte 

diagrammaticrepresentationofth•sequ .,nc• of •vents 
inth• formationof aHcondaryoocyt•for relN .. 
andth•subsequ.,ntchang.,sinth•ovary 

secondaryoocytainmature 
ovarianfollid.,(a!so h ,owoa, 
Graafianfollid •).withlay<'rsof 
lollidece!l,ar>dfluidearfyin 
prophaseofm.,iosis ll (hxlh,r 
devek,pmenti,thensuspended 
ootilalfivalol,perm - inOYiduct) 

primaryfollicl• 
(oocyt•smounc!ed 
by a layer of 
follicl.,<• lls) oogonia(Jfow 

toberomeoocyte, 

germinal 
ep<thelium 

-"""'" 
'="' by mitosis 
(;nuterus) 

corpo,luteum 
degenerates 

:i'/!tation -~, 
"'"~·"="'"'"" arn:leggcell(serondary 

n>maimoffollide --°" 
oocyte)!l'leased(surmunded 
byfoWdecells - figure11 .46') 

into endocrine gland 
(corpuslut .. um) 

• Rg ure 11.45Theovary, andstageslnoogenesls 

• Rg ure 11.46The 

structure of a mature 

secondaryoocyte 

22 Ll s t the,tructure1 

you will annotate 
inyoursernnd.iry 
oocytedi..gramand 
o utllnetherok>I 
you will amplify. 

23 Distinguish 
between the role, 
offSHinlop!'rmand 
ovum production 

You need to be able to draw a diagram of a section through an ovary to show the stages of 
gametogenesis, and to annotate it with details of the structures present and their functions. 
You also need to be able to draw a diagram of a mature secondary oocyte, and to annotate it 
with details of structures present and their functions. 

Ovulation occurs from one of the two ovaries about once every 28 days. Meanwhile, 
the remains of the primary follicle immediately develops into the yellow lxxly, the corpus 
luteum. This is an additional but temporary endocrine gland, with a role to play if fertilization 
occurs(seebelow) 



Spermatogeneslsand 
oogeneslscompared 
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Gametogenesis in testis and ovary are compared in Table 11.9. 

Spermatogenesls 
Spermatogoniaarefarmedfromthe 
timeof puberty.thmughmrtadult life 
Allspermatogoniadevelopintosperms, 
nurturl.'dbythenurntivecellsofthe 
seminiferoustubulesofthel!.'51!'5 
Millioosolspermsarelormeddaily. 

Fourspermsareformedfmmeach 
spermatogonium 
Spermsarereleas.edfromthebodyby 
ej.KUl.ition 
Meiosislandllgotornmpletioo 
during sperm production 
Sperms are small, mobile gametes 

• Ferti lization 

Oogenesls 
Oogonia are farmed in the embryonic: ovaries, long before birth 

Oogonia become sunounded by lollide {ells, fann ing tiny pr imary 
follides, and remain dormant with in ovary cortex. Most fa il to 
develoe further - thry degenerate 
Frnmpuberty,afewplimary oocytesundergomeiosisltobernme 
se{ondaryoocyteseachmonth.Onlyoneofthesesernmlary 
oocytes,1urroundl'dbyamuchen!argedfoll icle,formsaGraafian 
follide - theothersdegenerate 
One OYum is formed from each oogonium (the polar bodies 
degenerate.too). 
TheGra.ifianlolli derelease1asecondary oocyte intotheovidlJCt 
atovu!ation 
Meiosi1llreache1prophaseandthenstop,;untilamatenlJCleus 
entersthesl'Coodary oocyte,tli99elin9 completionofmeiosisll 
A fertilized OYUll is oon-motile and bemmes bdged tl the endomem..m 
oftheuterus,wherecelctvisionsleadtoembryolormation 

Internal versus external fertilization 
Motile male gametes, such as the sperms shown in Figure 11.42, require a watery medium in 
which to move. In aquatic animals, such as fish and amphibians, the male and female gametes 
are shed into the water and fertilization occurs externally. 

In organisms that have colonized the land, such as mammals and birds (and the flowering plants), 
internal fertilization in anemironment suitable for ttallSJX}rt of the male gamete is necessary. 

Fertilization in mammals 
Internal fertilization in most terrestrial animals involves the male gametes being introduced 
into the female's reproductive organs during sexual intercourse. The erect penis is placed in the 
vagina. In mammals, internal fertilization occurs in the upper part of the oviduct. The sperms 
are introduced and semen may be ejaculated (3- 5cm1 in humans) dose to the cervix. Typically, 
more than one hundred million sperms are deposited. The pH of the vagina is quite acid, but 
the alkaline secretion of the prostate gland, a component of the semen, helps to neutralize the 
acidity and provides an environment in which sperms can survive. 

Waves of contractions in the muscular walls of the uterus and the oviducts assist in drawing 
semen from the cervix to the site of fertilization. In this way, a few thousand of the sperms reach 
the upper uterus and swim up the oviducts. 

How polyspermy is prevented 
One or more of the few sperms that reach a secondary oocyte pass between the follicle cells 
surrounding the oocyte. The entry of more than one sperm into the oocyte is known as 
polyspermy. Fertilization involves a mechanism that preventi polyspermy. 

Lx>kar the sieps w ferrilization in Figu11' 11.47, now. 
First, the coat that surrounds the oocyte, which is made of gl~protein and is called the wna 

pellucida, has to be cros.-i. At the tip of the sperm is a membrane-bound sac ofhydrol~1:ic enzymes, 
called the acrosome. In contact with the rona pellucida, these enzymes are released and digest a 
pathway for the sperm to the cocyte membrane - a process known as the acrosome reaction. 

Now, the plasma membrane around the head of a sperm fuses with the plasma membrane of the 
oocyte. The male nucleus enters the oocyte. As this happens, granules in the outer cytoplasm of the 
oocyte release their contents outside the oocyte by exocytosis. This is known as the cortical reaction. 
The resuk is that the oocyte plasma membrane cannot be crossed by another sperm. In this way, the 
possibiliry of fusion of more than one male nucleus with the oocyte nucleus is prevented. 

As the sperm nucleus enters the oocyte, completion of meiosis II is triggered and the second 
polar body is released. The male and female haplo id nuclei come together to form the diploid 
nucleus of the zygote. Fertilization is completed. 



'----follicle cells thishumanspermatozoonhujust 
(noulishtheoocyte) penetratadthezonapellucida(•3200) 

6r.Jdeosofseconda,yoocytei, 
,tmulatedtorompletemeiosisll 

th e stages of fe rtilization 

• Rgure11.47FertlllzaUonofahumansecondaryoocyte 

0 

7 themx:lei 
oode<gomito<is 

8 divisiooofthecytoplasm 
lollows,lorminglhefirsttwo 
Oploidcellsoftheembryo 



• Fl gure 11.48 

early stages of 
development 
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Early development and implantation 
Fertilization occurs in the upper oviduct. As the zygote is transported down the oviduct by 
ciliary action, mitosis and cell division commence. The process of the division of the zygote 
into a mass of daughter cells is known as cleavage. This is the first stage in the growth and 
de~·elopment of a new individual. The embryo does not increase in mass at this stage. By 
the time the embryo has reached the uterus, it is a solid ball of tiny cells called blastomeres, 
the whole no larger than the fertilized egg cell from which it has been formed. Division 
continues and the blastomeres organize themselves into a fluid-filled ball, the blastocyst 
(Figure11.48) 

In humans, by day 7, the blastocyst consists of about 100 cells. It now starts to become 
embe<k:led in the endometrium, a process known as implantation. Implantation takes from 
day 7 to day 14, approximately. At this stage, some of the blastomeres appear grouped as the 
inner cell mass and these cells will eventually become the fetus. Once implanted, the embr)'U 
starts to receive nutrients directly from the endometrium of the uterus wall (figure 11.50). 

Gestation 
The period of development in the mother's lxxly, lasting from conception to birth, is known as 
gestation (taking 38 weeks in humans). The rate of growth and development during gestation is 
much greater than in any other stage of life. In the first two months of gestation, the developing 
offspringisdescribedasanembryo. 
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gestation period 

ofyoungatblrth­
alternatlvescenarlos 

• Flgure 11.49 
Human embryo at 
the six-week stage 

Comparative aspects of gestation and development of young at birth 
Data on the length of gestation in various mammals is given in Table 11.10. When this daia is 
plotted, ro whar e.nenr ii there a posirill'. correlation between aduli iize and rhe lengrh of gesia1ion 
n'idem? Doei 1/ie human fir inro thii relarionship? 

Length (feet ) Gestatlon (days) 

laresquirrel 
polar bear 

The extent of development at birth is a complex factor to quantify. For example, there is an 
ecological dimension and two strategies for survival can be identified (altkial and precocial, 
Table 11.11). In fact, these are two extremes - most organisms fit somewhere in bet"'een. The 
human is a case in point - not all human communities produce infants only very occasionally. 

'Altlclal'offsprlng 

bomhelpll".is.afte1a1hort ge1tation 
brainunder-developedatbirth - subsequentlygrnws 
to 7.5 times its birth size 
smallbodil.'d.smallbrainedandfastfeeding 
tefldtoproducea!argenumberofoffspringata 
rapidrate.butinvesling litt~ine..chinfant 
(kfla,,,rnasr-spec lestol'<:oloqists) 

' Precoclal'offsprlng 

alertatbirth(eye1open)afteralong.e r ge1tation 
bra inab~tornntrnlthelimbsimmediately ­
subsequent~grnwsto2.5timesthebi1th1ize 
largebodied.b,g braineda!ldslowfeeding 
tendtoproducefeworoneinfantonlyoccasional!y. 
butinvestingheavilyineachinfant 
(kfla,,,rnasK-spec lestol'<:ologists) 

• From zygote to embryo to fetus in humans 
From early in the development of the embr)U, this tiny and delicate structure is contained, 
supported and ptotected by a membranous, fluid-filled sac. It is the outer layers of the tissues 
of the embryo that grow and give rise to the membranes and that also form the placenta (see 
below). By the end of two months' dewlopment, the beginnings of the principal adult organs can 
be detected within the embryo and the placenta is operational. During the rest of gestation, the 
developingoffspringiscalledafetus 



• Flgure 11.SO 

Theplacenta-slteof 

exchange between 

maternalandfetal 

24 Explaln whyrtisso 
important that the 
blood of mother 
and offspring do 
not mix together in 
the placenta 

25 Ll st thestructural 

placenta that 
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efficient exchange 
and explain why 
each ii important 
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The placenta - structure and function 
The placenta is a disc-shaped structure composed of maternal (endometrial) and fetal membrane 
tissues. Here the maternal and feta! blood circulations are brought wry close together over a 
huge surface area, but they do not mix. Placenta and fetus are connected by arteries and a Yein 
intheumbilicalcord(Figure 11.50). 

Exchange in the placenta is by diffusion and active transport. Movements across the 
placenta involve: 

• respiratory gases, which are exchanged; oxygen diffuses across the placenta from the 
maternal hemoglobin to the feta\ hemoglobin, and carbon dioxide diffuses in the opposite 
direction 

• water, which crosses the placenta by osmosis; glucose, which crosses by facilitated diffusion; 
and ions and amino acids, which are transported actiwly 

• excretoryproducts,includingurea, leavingthefetus 

• antibodies present in the mother's blood, which freely cross the placenta, so the fetus is 

initially protected from the same diseases as the mother (passive immunity, page 450). 

The placenta is a barrier to bacteria, although some viruses can cross it. 

human fetus with placenta. about 10 weeks 
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• Flgure11.51 

hormones during 

gestat ion 

The placenta as endocrine gland 
The placenta is also an endocrine gland, initially producing an ad:l itional sex hormone known 
as human chorionic gonadotrophin (H CG). HCG appears in the urine from about seven days 
after conception. We have already noted that it is the presence of HCG in a sample of urine that 
is detected using monoclonal antilxxlies in a pregnancy-testing kit (Figure 11.11, page 455) 

HCG is initially secreted by the cells of the blastocyst, but later it comes entirely from the 
placenta. The role of HCG is to maintain the corpus luteum as an endocrine gland (secreting 
progesterone) for the first 16 weeks of pregnancy. 

When the corpll'i luteum eventually does break down, the placenta itself secretes estrogen 
and progesterone (Figure Ii.SI). W ithout maintenance of these hormone levels, conditions 
favourable to a fetll'i are not maintained in the uterus and a spontaneous abortion results. 

• The process of birth and its hormonal control 
Immediately before birth, the level of progesterone declines sharply. As a result, progesterone-­
driven inhibition of contraction of the muscle of the uterll'i wall is removed. 

At the same time, the posterior pituitary begins to release a hormone, oxytocin (Figure 
ii.Si). This relaxes the elastic fibres that join the bones of the pelvic girdle, especially at the 
front , and thus aids dilation of the cervix for the head (the widest part of the offspring) to 

HC 
(in~iallyfromblastocy;t.later 
fmmpl,>centa) 



• Flgure 11.52The 

positive feedback 

looplnthecontrolof 
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pass through. Oxytocin also stimulates rhythmic contractions of the muscles of the uterus 
wall . Subsequently, control of contractions during birth occurs via a positive feedback loop 
(Figure 11.52). The resulting powerful, intermittent waves of contraction of the muscles of the 
uterus wall start at the top of the uterus and move towards the cervix. Progressiwly during this 
process (known as labour), the rate and strength of the contractions increase, until they expel 
the offspring. 

Finally, less powerful uterine contractions st-parnte the placenta from the endometrium, and 
cause the discharge of the placenta and !'<'mains of the umbilicll'i as the afterbirth 

contractionsofthewal l of thevterus 
fOfCe thebaby~hea.din!DtheceMx 

l 

pmteriofpituitarygtand 
ielease<oxytocin 

deaeasedstfl'tchingofceMX 
breaksthepo,itiveleedbac:kcyde 

ir,crea~c~tching 

trigg.ersreleaseof 
moreoxytocin 

2' Sugges t why the immediate production of HCG by the embryo while it still consists of relatively few cells 
issignilic:antin.isucces1fulout{ometoge1tabon 

27 Dls tlngul sh betweennegativeandpo1itivefeedbackpmces1t>1 
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• Examination questions -
a selection 

Quest ions 1- 5 are taken from IB Diploma biology 
papers. 

Q1 Which of the following events form the basis of 
immunity upon which the principle of vaccination 
is based? 

Produ<tlon Pr~ctlon of Challenge 
Clon;i l of memory monoclonal and 
MO le<t lon c,U antibodies response 

A No Yes . " 
C '" 
D '" 

HlgllerLeve/P~I, 1imeZone2,Mayl3,Q3B 

Q2 The images below show muscle tissue. 

~Pi · _ 

Which image shows contracted muscle tissue? 
A I, because the dark band is narrower. 
B II, because the Z lines are closer together. 
C II, because there is less overlap between actin 

and myosin. 
D l, because the dark bands are darker. 

HigherU!vel~ ,, rmezone2, May 13, Q27 

Q3 Which cells activate helper T-cells by antigen 
presentation? 
A B-cefls 
B Bacteria 
C Macrophages 
D Plasmacells 

Higheri.IM!IP.Jper I, 1imeZooeO, Nov 10, Q37 

Q4 The diagram below shows a small portion of the 
tissue in a transverse section of a testis 

a Identify the structure labelled with an X. (1) 
b Outline the function of this cell. (1) 

HigllerLe1-<elP;ipe,2, nmezone ,, Miyl2Q4.biand4W 

QS Blood is a liquid tissue containing glucose, urea, 
plasma proteins and other components. 
List the other components of blood (5) 

~U!ve/~2, TlmeZone1,MJy10,Q4a 

Questions 6- 10 cover other syllabus issues in this 
chapter. 

Q6 a Distinguish between passive and active 
immunity (4) 

b Outline the sequence of steps by which the 
human body may acquire naturally active 
immunity to a viral infection. (6) 

Q7 Muscles contract when the fibres shorten. This 
shortening is brought about when myosin and 
actin filaments of the sarcomeres slide past each 
other. Explain by means of annotated drawings 
how ATP and calcium ions (Ca2•) enable the 
myosin and actin filaments to interact to shorten 
a muscle (10) 



QS a Outline the principle of a countercurrent 
mechanism. (4) 

b Describe the roles of: 
i the collecting tube 
ii the descending and ascending limbs of the 

loop in water conservation by the loop of 
Henle. (8) 

c Distinguish the different types of nitrogenous 
waste in animals. (3) 

Q9 a Identify the stage in gestation at which the 
placenta forms, and the tissues involved. (4) 

b Explainwhyisitessentialthatmaternaland 
fetal blood circulations do not mix in the 
placenta. (4) 

c Describe what substances are required by 
the fetus and how each is transferred to the 
fetal blood at the placenta. (6) 

d Outline the additional role of the placenta 
as an endocrine gland. (3) 
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Q10 State the differences in composition of blood 
proteins, glucose and urea found in: 
a blood before entering the glomerulus 
b glomerular filtrate in the Bowman's capsule 
c filtrate inside the descending limb of the loop 

of Henle. (6) 



Answers to self-assessment 
questions in Chapters 1-11 

1 Cell biology 
page 2 
I The processes charocteristic of living things are: 

rransfurofenergy(resplration) 
le«lingornutrition 
metabolism 
excretion 
ITIO\'emen1 and locomo(ioo 

responsivenessorsensiti\'ity 
reproduclion 
growth anddewloptnent 

2 a lmm•IOOOµtn 

Since k:IJ/J/r:ic • 10, 10 cells of IOOµm will fit along a 
Imm line. 

b The drnwlng of E. coli is 64 mm in length (actual 
lengthis2.0pm). 

Magnificatlon•sireofimage+sizeofspecimen 

M•64:o: 1000+2cen•x32000 

page 11 
3 Sizeofim~isll5mmapprox.Lengthofscalebar 

correspoodingto0.IOmmis25mm. 

Observed length • 115 + 25 .. 4.6 11 0.1mm "'0.46mm 
or approximately 460µm 

4 Withic6~-epieceand1<IOoli;ecth'elensmagnif'ication:c 
6x 10 • ic60 

page 12 

5 a OlmenslOl'ls/ Surfai:tarea/ Voll.me/ 
nvn• nvn' 

b Small cells and organisms ha1·ea large surface 
area to volume ratio (that i~. the surface area 
available for diffusion). As the cell increases in 
size (volume), the surface area to volume ratio 
(SA;V) decreases. 

c Ascellsizeincreases,1heefficiencyofdiffusionfoc 
the remcMd of waste products decreases. The rate of 
production of heat and waste products and the rate 
of oxygen consumptk,o ls a function of mlurne. The 
rateofexchafiGeofresourcesandw:w:eproductsisa 
functionofsurbcearea. 

page 17 
6 Important points to consider about use of ES cells. 

In support 
lleduced~l!fingof 
patientswithwidev.1rletyof 
condjtions 

EScell5r~the~bilityto 
divideanddlfferenllilteinto 
mall'flissuetypes 

RepLlcementofdise.asedor 
~urictionalcellsorUssue~ 

ossble 

page 19 

In opposition 
ProductlonofEScelbirMllves 
the d~th of wty.suge 
embryos 
Therel5id¥Ogerofrejection 
andthelrnrnunesystemmll'lt 
besuppressed,leadingtothe 
W¥an.ce of neN disea,;e,; 
Cellscanovergrowand~op 
lntocanceroostumours 

7 The resolution ls the microscope's ability to distinguish 
between two small objects which are l'efY close together 
and it i1 determined by the wavelength of light (or 
electron beam). Magnification Is the number of times 
largeranimageisthanthespeclrnenobject.The 
rnagnificationobtainedwithacornpoundrnicrosrope 
depend1 on which lenses are used. 

page 23 
8 Asrainedru::leuscanbe1een\\-ithalightmicm8:q:le 

cluetothemicm8:q:le'sresoluticn Thlsresoha:ionisnoc 
sufficiemrodistinguishribosomescluetotheirsmallersi.:e. 

page 26 
9 Bec1ron microscopes have alkM'ed sclen1ins to 

examine cell ultrnstructure, such as rilxwiomes and other 
components, since lhey have 1-ery high resolu1ion and 
magnification. 

The electron microscope has pO\l'ers of magnification 
and w.olution that are greater than those of an optical 
microscope. The wavelength of visible light ls about 
500nm, whereas that of the beam of electrons used is 
0.005nm.Atbestthellghtmlcroscopecandistinguish 
two points which are 200nm (0.2ptn) apart, whereas 
the transmission electron microscope can re~lve points 
I nm apart when used on biological specimens. Gi1'ffl 
thesizesofcellsandoftheorganellestheycontain, 
it requires the magnification and resolution achieved 
in transmission electron microscopy to observe cell 
ultrastructure-insuitablypreparedspecimens. 

IO Common organe l111 Prlndp.i l l'OM 
Nudeuswithnudeare!Mlope CeRITliKl<IQemenl 

M~octondria AerOblcSl<IQeSof~~lion 

Endopl~:;rnicreticulum 9tntheslsof subsl~nces 

Protein synthesis 



Only present in pi-ant cells chloroplast, large permanent 
vacuole. 

11 rollow the guidance pnr,'Ded on pages 8 and 20. All 
d the following structures mll51 be included klf the 
pallsadem~hyllcell: 

cell wall with some thickness 
plasma membrane, shown as a single line 
large \'acuole- large circular structure located in the 
mlddleofthecell 
ch\orq,lasu - cirwlar organelles surro.mding the 
large\-acuole(notlargerthanhalfthenucleus) 
nucleus-sphericalstructurelargerchanchloroplasts 
wrchgranule - cirwlarbokleddoc 

page 27 
12 Thiscellhastherangeoforganellesryplcalofan 

animalcell.Theun iquefeatureisthatthecellsurface 
membrane on the side of the cell fuclng the lumen is in 
the form of a 'brush border' - van numbers of microvilli. 
ThesegreatlyincreasethesurfaceareafOJselectlve 
absorption of metabolites into the cell from the fluid 
present in the lumen. 

page 29 
1} Length of image is approximately 50mm. From the scale 

bar. I µm • 20mm. Therefore, actua l length of E. coli is 
so+ZOµm .. 2.sµm. 

M•SOxJOCXl+2.5 

M •x 220CXlapprox. 

page 30 
14 Prokar','O{lcchrom:JSO!lll'Sarenotas.sociatedwlth 

hiscone protein 'naked' and not endOISed in a nocleus. 
lneukaryot:estherearesewrallinearchromosome!i 
(an even number), MSOciated with histooe protein and 
enclosedbyanuclearmembrane. 

IS a Acel l wall istotallypermeable,madeofcellulo,;e, 
and does not change shape e-asily, whereas the pbsma 
me mbra ne is made of phospholipids associated with 
lntegralandperiphernl (X{)teins; it is flexible. 

b The nucleus is an organelle with a double membrane 
that c.oruainschromatin; the nuclo.'Otd ls the rtgirn 
wherethecircular prokar','O{icCNAislocated. 

c See page 26, Figure I.JI on page 28 and Figure 1.32 
on page 29. 

d See pages 21-23, Rgure 1.22 on page 22 and figure 
l.24onpage23. 
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page 31 

page 33 
17 A lipid bilayer ls made of two l"a}-ers ofpho!.pholipids, 

whereas a double membt-ane of an organelle (like lhe 
one present in a mitochondrion) is compoi;ed of t11'0 

bi!ayersofphc6pholtptds. 

page 37 
18, ~-,.,=--~,,~,.v~.,~0-. ---

600'1000.o.6 

Hydrogenionsenterthegelatineblocksbydiffusion 
and, there, cause the obo.er\"ed colour change. 
Relati\-elylargeblocks(lOmmcubes) han?alow 
SA:V ratio - meanirlG that little of the interior 
matter ls close to the external environment, and the 
diffusion path is a long one. Here, colour ch~nls') lS 
slowest. The reverse is true of the smallest gelatine 
blocks(2.Smmcubes). 

page 38 
19 The diflereoce is the permeability of the membrane 

traversed;infacilitateddiffusionthisisdueto 1he 
properties of the substance that pas;;es - ii triggers the 
opening of pores through which diffusion occurs. 
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diffusion dlff\Klon 

~s;igedirKtly thfoogh yes 
phospholipid merrtr.me 

Gk)bul;rproteinchonnels not re,qufreod required 

page 39 
20 The ooncentrated solution of glucose (ln which the 

ooncentrationof freew.iter moleculesls\ow)will shc,,va 
net gain ci water molecules at the expense ci the dilute 
glucose solution. 

21 T he pre;ence of w.iter is required to germinate the 
fungal spoce. Hydration or water uptake is an acti\"e 
process thatrequires achangein permeabilityof 
the S!X)l"e w.ill. Many spores require an external or 
exogenous source of sugar, h.wing no internal reserves, 
and will take this up from the jam. 

page 43 
22 Thl5 gives validit y and reliability to the data, l't'OOCing 

the po:.sibilit y ci errors that might occur when working 
with one single sttip. 

page 45 
23 Uptake ci i<ris is by act ive transport ln\·olving metabolic 

energy (ATP) and protein pump molecules located in 
the plasma membranes of cell s. As with all aspects of 
metabolism, this is a temperatu re-sensltll'e process and 
occursmore speedilyat25°Cthan at5°C. 

Individual ions are pumped ocros.s by specific, dedicated 
protein molewles. Because there are many more !lX!ium 
ion pumps than chloride iorls pump5, more ci the former 
ionisabsorbed. 

page 46 
24 a Pmteins act as channel1 for fucllitated diffusion, as 

pumps, enzymes and hormone-receptor sites, and 
they have both hydrophilic nnd hydrophobic regions 
based on the charges of their amino acids. Lipids 
are hydrophobic molecules with long mono- or 
polyunsaturated chains of carbohydrates. 

b Ac1ive traru:portisa typeofselectivetransportthat 
lllO'l"t'!i solutes against their coocentration gradient 
withtheexpenditureofenergy,whereasbulk. 
transport involves the movement of \"esicles in a 
process k.l\O\Vn asq1osis;i1a\sorequiresene£gy. 

c Endocytosis istheuprnk.e cifluld Of tiny particles 
across the plasma membrane. Exocytosis is exixirting 
across the plasma membrane. 

page49 
25 • Hydrolysis and condensation reactions between 

molecules, mediated byenryme5. 
S}Tlthesis of nucleic acids by RNA polymerase-type 
enzymes. 
MernboHc processes to t ransfer energy from 
compounds and from light a s a source of energy, 
control led by enzymes. 
Lytle emymes woukl have allowed primitive cells to 
digestothercell.scrorganiccompounds. 

page 50 
26 ~Ls located in lower strata in a sedimentary rock 11-ere 

dqx,sited longest ago. This is why we woukl expect a 
greaterdeviat l<ri from modem structures. 

page 52 
27 ltisposslble tosee: 

the nuclear membrane and its pores with the 
complex pore proteins 

• thenucleolus(ornucleoli) 
• the ch romatin. 

page 56 
28 During mitosis the two chromatids of each chromosome 

must be separoted. The DNA molecule in a chromOfOffil' 
is incredibly long- typically 50 OOOµm in length. By 
supercoiHn g, the DNA of each chronmid is reduced to a 
manageab le length for separation. 

page 58 
29, • % of dividing 

su,ges of t61s at NChstilge 
mitosis ofmnos1s• 

teioph.lse 1Sl100x60•9mln 
•vourpiech¥t1houldrn~isesectorswith thefollowlng 
:mglesatthecentre: prophase252",metaphase 36'. 
an.phase18'.indtelophase54' 

,,, 
. p<ophiSe ·-· D•Nf)Nse o--



page 59 
30 • Ionizing radiations: these include X·rays that may 

trigger the formation of ions inside the nucleus, 
leading to DNA damage. 
Chemicals: accumulation of chemicals, tor example 
asbestos, in some organs may produce DNA damage 
afteryearsofcontinuedexpo,ure. 
Non·ionizing radiation, including UV light. 

31 Cancer cells divide uncontrollably, forming a tumour. 
The cells ofa malignant tumour irn11.de and damage 
surrounding organs. Cancer cells may detach and be 
transportedbythebloodcirculation(metastasize)to 
distant sites in the lxx:ly. Normal cells do not behave 
in this way. 

The switch to uncontrolled growth of cancer cells 
is caused by the accumulation of harmful genetic 
changes (mutations) in a range of genetically controlled 
mechanisms that regulate the cell qde 

The cell cycle is a regulatory loop. It ensures that DN A 
is faithfully copied and that the replicated chromosomes 
move to the new (daughter) cells. Further, cell division 
is rest ricted - only a selected range of cells can divide 
agaiILNormally,ifanycellisseverelydamaged, or 
grows abnormally, or becomes redundant in the further 
development of an organ, it undergoes programmed 
cell death. Thus, many controls prevent cancerous cell 
behaviour in normal cells. 

So cancer cells arise as a result of the coincidence of 
mutations in several normal growth and behaviour 
genes. Once some cancers are established, malignant 
tumour cells typically release a specific protein that 
dictates the formation of a network of blood vessels 
supplying the tumour. This occurs at the expense of the 
supply of nutrients to surrounding healthy cells, which 
enhances abnormal cell division and growth, and leads 
to further metastasis. 

2 Molecular biology 
page 63 
I An atom is the basic unit of a chemical element that, 

when bound together with another atom, forms a 
molecule. A molecule represents the smallest unit of a 
chemical compound taking part in a chemical reaction. 
An ion is an atom or molecule with a net electric cha~ 

2 Carbon (C) exists in the atmosphere as C02, and 
when it enters the oceans it forms carbonic acid 
and bicarbonate ions by dissocia t ion reactions. It also 
couldbepresentascarbonateionsand 
dissolvedCOr 
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page 67 
3 Significant properties of carbon: 

It can form up to four covalent bonds 
The covalent bonds between carbon and other 
elementsarestableandstrong. 
Carbon atoms are able to react with other carbon 
atoms to form extended and stable chains 
When other atoms and molecules attach to carbon 
atoms,asymmetricmoleculesresult,creatingahuge 
variety of compounds 
Carbon atoms can form double and triple bonds, 
giving unsaturated comixxmds and leading to an 
evenwidernirietyofmolecules. 

page 69 
4 Ion ic bonding is the electrostatic attraction between 

opposite\ychargedions/particles. lnsolidsodium 
chloride(crystalsofthesalt), ionicbondsholdtheions 
together in a regular arrangement (known as a crystal 
lattice). In solution, however, water molecules surround 
the sc:xlium and chloride ions, call'iing them to be 
separated and dispersed 

Covalentbondingirnulvesthesharingofelectronpairs 
between atoms. Covalent bonds are the strongest bonds 
occurring in biological molecules. This means they need 
the greatest input of energy to break them. So, cm.ilent 
bonds prm'ide great stability to biological molecules, 
many of which are very large and elongated. Bonding 
of this kind is common in non-metal elements such as 
h\Urogen, nitrogen, carbon and oxygen. 

page 73 
5 In a solution of glucose, water is the solvent and sucrose 

is the solute 

6 Significance of water as a coolant 

Water can be evaporated at room temperature (below 
boiling point) by breaking the hydrogen bonds between 
water molecules. Energy is required for this, leading 
to the cooling effect of water when it evaporates. 

Significance of water as transport medium: 

Water molecules stick together with hydrogen bonds, 
allowingplantstotransportwaterthroughtheirxylem 
from the roots up into the leaves for photosynthesis 
The cohesion and adhesion properties of water, due 
to strong forces between the water molecules, create 
columnsofwaterinsideplants 
Due to the high heat capacity of water (large amounts 
ofenergyarerequiredtobreak thehydrogenbonds), 
blood can transport heat inside blooo vessels 
Wateractsasasolventformanysubstances;it isusedas 
a transport medium for minerals and respiratory gases. 
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page 74 
7 Thede,igncouldinclooetheuseofsolarcollectors 

and distilling mechanisms. The use of a solar still may 
simplify the methOO of collecting water and separating 
the salts dissolved in it (desalination). The surface area 
andpowercollectorscouldalsobeconsidered 

page 76 
8 The presence of sugar in the cytoplasm or vacuole of 

cellshasapowerfulosmoticeffect(See'Osmosis ­
aspecialcaseofdiffusion',p39),whereasifglucose 
molecules are condensed to starch (or glycogen, in 
animal cells), these carbohydrate reserves ha1"e no effect 
on cell water relations. Meanwhile, starch and gl)-Ulgen 
may be speedily h)Urolysed to sugar if and when the 
need arises 

page 79 

page 96 
15 Their three--dimensional shape allows enzymes to create 

auniquesiteofreactioncalledtheactivesite.Alsoit 
allows enzymes to work in a watery environment since 
they can be soluble in water. 

page 98 
16 Pre,incubationisrequiredtoensurethatwhenthe 

reactants are mixed, the reaction occurs at the known, 
pre·selectedtemperature. 

page 99 
17 pH is a measure of acidity or alkalinity of a solution. 

A buffer solution acts to resist pH change when 
diluted,otifalittleacidotalkaliaread:led.pH isvery 
important in enzyme experiments because pH affects 
the shape of enzymes, almost all of which are proteins. 
(See 'pH and Buffers' in Appendix I: Background 
chemistryfotbiologists.) 

9 Cellulose is made of straight and uncoiled fibres. It is 
tough and durable, with a flat and rigid structure,due to page 101 
linkages between fibres. Since each cellulose molecule is 18 a 
flat it can stack with other cellulose molecules, creating 
hydrogen. bonded fibrils which are very strong. 

Controlled 111.riables: concentration of and source 
ofthecatalasesolution;volumeandconcentration 
of hydrogen peroxide solution; temperature of the 
reaction;pH ofthesolutions. 

page 81 
10 A monomer is a molecule than can be bonded to many 

other similar molecules to form a polymer. Examples art' 
galactose, found in milk, and fructose, found in fruits 

A polymer consists of a large number of similar units 
(monomers) bonded together. Examples are gl)-Ulgen in 
animals , and starch and cellulose in plants. 

page 82 
11 See 'Condensation and hydrolysis reactions', pages 77- 78. 

page 89 
12 The hydrophobic properties of a lipid are combined 

with the hydrophilic properties of an ionized phosphate 
group, resulting in a 'head and tail' molecule. 

page 92 

lJ Flbrousprotelns Globularprotelns 

'ipklersi lk andrn llagen RuBisCo.imul in.immunoglobuliris 
andrhodop1in 

14 In a polypeptide of onlyfi1"eamino acids there can be 
2r1 different types , or 3200 000. 

So ina polypeptide of25 animo acids, 2(.)11 different 
types,andinoneof50, 2r:?'. 

b The independent variable is the time for the reaction 
totakeplace,recordedinseconds 

The dependent variable is the volume of gas (Dz) 
released and collected into the measuring cylinder. 
Thisisrecordedincml. 

d Possible source of error: leaking of the gas from the 
system when not sealed properly. 

This could be detected by observing low volumes 
ofthegasatthebeginningofthereactionandcan 
be avoided by reducing the ,ulume ofh\Ur~ 
peroxideused, inordertoreducethepressureexerted 
by the 0 2 released during the reaction. 

19 a Ifsubstrateispresentinexcess,increasingthe 
concentration further will have no effect on the rate 
of reaction 

b Therateofreactionwillincrease. 

page 104 
20 Acatalystisasubstancethatalterstherateofa 

chemical rt'action, but remains unchanged at the end. 

An inorganic c:italyst is typically a metal such as 

platinum in a finely divided state, e.g. as platinised 
mineral wool. Inorganic catalysts are able to withstand 
high temperatures, high pressures and extrt'mes of pH , 
if necessary. 



En:ymes are typically made of protein and so are easily 
denatured by high temperature, fa example. lney are 
extremely specific- mo& are specific 1oone 1ypeof 
subslrote molecule for example. 

page 105 

21 Abasefoundininorganicchemistryisanacceprorof 
hydrogen Ions from other compounds and has the ability 
to neutrali!e acidic solutions. These compounds are 
c001monly inorganic, when-as 1he nitrogenous base ill 
organic. 1lie carbon 'backbone' o( nitrog,..'OOUS bases are 
ring molecules containing two or more nltrog,en atoms, 
COYaJently bonded together. 

page 110 

22 After three generatioru 25% will be intermediate light 
and 75% will be light. 

page 113 
23 serine -aspartic acid - lysine - stop (Ser-Asp-Lys-STOP) 

This sequence might be located at the end of the gene. 

page 114 

24 a Gly-Asn-Pro - Phe - Val-Thr-Hi1-Cys 

b CCA-TTA-GGA- AAA-CAA-TGA-GTA-ACA 

c Trlplet ccxles are in DNA. COOons are in mRNA 
whlch could be found in both nucleus and 
cytoplasm. Anticodons are part of the tRNA 
molecule - which could be found Inside the nucleus 
and in the cyctoplasm, but which are functionally 
acli\"ein1hecytoplasm. 

page 11 7 
25 ATPis: 

asubslancethatrnoveseasilywithincellsand 
organisms-byfacilitateddiffusion 
a\"eryreoctivernolecule,abletotakepartinmany 
stcpS of cellular rapirat ion and in many reactions of 
metabolism 
an immediate sotuce of energy, able to transfer 
energy in relatively .1U1al1 amounts, sufficient todrini 
indi\"idualreaccion.s. 

page 119 

26 G]ycol)"Sis, which occurs in the qt060I, does 00!. 

requireox)-gen,whereastheKrebscycleandoxidative 
phosphorylation occurring inside the mltochondrion 
requlreOX)'gen. 

'll Lactate and a limited amount of ATP. 
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page 121 

28 lntheresplrometer,thefursideoftheU-tube 
manometer ls the control tube (A). Here, conditions 
are identical to those in the re;pirometer tube, but in 
the former, no living material is present. HOY,'e\'ef, any 
changeineJ<ternaltemperatureor pressureisequally 
experienced by both tubes, and their effects on the 
levelofmanometricfluidareequalandoppositesothey 
canceloot. 

29 Soda lime retTIO\"eS the carbon dioxide produced by 
the respiring maggots and 1he change in \clume is due 
to the oxygen used inside the S)"Slffll. When 11'3.ter is 
used instead o( the Km lime, the cq releai;ed by the 
animals replaces the used volume o f 0

1
. 

Use of soda lime alk:,ws determination of the OJCygen 
uptakebytheresplringanimals. 

30 G lucose in tnammals comes from ingested and digested 
organic compounds, whereas flo, .. ering pbnts use the 
glucosecreatedduringphowsynthesis. 

page 122 
31 ltrefleruagreencolour. 

32 IfanalcedOame(Bunsenburner)iliusedtoheatthe11'atet 
(Step I), then the flame mN be switched cifbebe the 
proparcne(acetone) is fO'lredoti: - toa..oidfire. 

Care is needed when fresh leaves are immersed in 
boilingwateruslngbluntforceps - toavoidscalding 
accident. 

Thecontentsofthecentrifugetubestobeplacedlnthe 
centrifuge (Step 4) must be balanced in contents, so 
that 1hey are o( equal ma5.<l - to p=·ent damage to the 
centrifuge or to the tubes during centrifug.ition. 

Pigment solution should be labelled with the c.ontents 
and panicularly the soln.•m, and stored in dark 
conditions- so that they are not confused with any 
other mate!ials, and so that sokent vapour is not 
accidentallyeJ<po5edtoanalcedflame. 

33 Chrommogra phy ls the technique used to separate 
components of mixtures. It is an ideal technique 
forseparatlngbiologicallyactivemoleculessince 
biochemists are often able to obtain only ,oe:ry small 

page 124 
34 a Carbon lsobmined from(X)

1 
in the air entering 

throughthestomatllintheleaves. 

b Hydrogen ls obtained from water when it is broken 
down by llght in a procer.s known as photolysis. 
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page 126 
35 a A thermometer is required as an increase in 

temperature will increase the amount of oxygen 
producedbytheplant.ltmustbepositionednear 
the plant, inside the test tube with the Elodea 

b It is inverted to allow immediate release of oxygen 
fromtheairspacesbetweenthecellsoftheplantstem. 

page 127 
36 Asthelightintensityincreases,therateof 

photosynthesisrises - therateofthatriseisixisitively 
correlated with the increasing light intensity. 
However, at much higher light intensities the rate of 
photosynthesisreachesaplateau - nowthereisno 
increaseinratewithrisinglightintensity. 

37 Sugars formed in the leaf in the light may be stored there 
as staoch. In darkness, the srnoch may be hydrol~,ed to 
sugars and these are then translocated to ()(her sites 
of starch storage. The sugar may instead be oxidised 
immediately to carbon dioxide and water in respiration. 

3 Genetics 

page 135 
I Sickle-cell anemia is a genetic mutation caU'll'd by 

substitution of one of the nucleotides in the DNA, leading 
to a~ in amino acid number six of the hemoglobin 
molecule.Thissupportstheconceptofageneasalinear 
sequenceofbases,asthenucleotidechangeaffectsthe 
sequenceofaminoacidresiduesjoinedintranslation. 

page 141 
2 The flow chart must include the sub-phases ci interphase 

(first phase of growth, synthesis of DNA, second phase of 
growth) and the phases of mito.sis and cytokinesis. 

page 142 
3 In order to maintain the number of chromosomes in 

all cells and to allow the correct functioning of the 
daughtercellsformedafterdivision. 

page 145 
4 Non-chromosomal birth defects increase as maternal 

ageincreasesafter34years. Theincreaseinthesebirth 
defectsismorepronouncedafter39years. 

Any birth defects decrease when maternal age increases 
from 25 ~rs to 34 3lld then there is a small increase until 
39years.Rnally,thereisasuddenincreasefrom39)""ars. 

Thissuggeststhatthereisa(X)Sitivecorrelationofbirth 
defects with maternal ages greater than 39 years. 

page 147 
5 This shows the kar)'Utype of a male with non-disjunctioo. 

of chromosome pair 21 (resulting from non-disjunction) 

page 152 
6 a Thepredictedratiowas3:l 

b Actualrntioswere 

• positionofflowers:3.145:1 
• colourofseedcoat:3.147:1 
• colour of cotyledons: 1009:1 

A prediction of the likely outcome of a breeding 
experimentrepresentstheptobableresults,provided 
that: 

fertilization is random 
• there are equal opportunities for survival among 

the offspring 
• large numbers of offspring are produced. 

What is actuallyobser.'ed in a luedingexperiment 
mayrotnecessarilyagreewiththepredictioILFO( 
example,thereisachanceinthisparticularcro;.sthat: 

more pollen grains of one genetic constitution 
may fuse with egg cells than another 
more developing seeds of one type are predated 
anddestroyedbyinsectlarvaeofspecies 
attackingtheplant(sofewerzygocesofonetype 
complete development) 
theccossproducestoofewprogenyintotal. 

7 A person with sickle cell anemia is homoz)'plS reces.sive, 
but someone with sickle cell trnit is heterozygous. 

8 Below is a table showing how the Law of Segregation 
relates to meiosis. 

Segregation law 

App li!'5totheprnduc tfooof tsthetypeofdivi'ikmthat 
gametes pr00Jcl'5gometecells 
Thetwoallele1olagene Ouringan.,phasel.homo4ogous 
~.irate chrnmosorne<;separate..rid 

duringanaph.lsellsi'iter 
chrnmalids~arate 

Eachoneoftheindividual Alleles separate during 
off,pringreceivesooetfait anaphaselandtl.fDfming 
lromeachoftheirparents daughterce ltsrnntainingooly 

oneversionofthegene(allele) 

page 154 
9 The la)O..lt of )Ollr monohybrid cross will be as in 

figure 3.19 (page 154), but the parental generation (P) 
will have genotypes (if you have chosen C as the allele 
forcoatcolour)of 

CJa.xC"C'"' 
where CR represents the allele for red coot, and C.., 
represents the allele for white coat. The gametes the 
parentalgenerationproducewillbe:CRandC.., 



The offspring (F1) will have genotype 0- C"' and the 
phenocypewillbe'r01m'. 

In a siblingac&ofthe F1 generation the gametes of 
both siblings will be: 

\.'IC'-+J.1CW 

From an appropriate Punnett grid the offspring (FJ to 
beexpectedandtheproportions are: 

page 155 
10 The Jo~ were grouP5 A and B, giving the following 

possible outcomes: 

Poss ible blood group of 

~:notyp• ::notype =~spring 

A.B.ABorO 

So the Jones could be the parenu of any of the four 
children, buc are the only parents who could have a 
childwithABblocxigroup. 

The Lees were Band 0, giving the following possible 

Parental Parental Posslblebloodgroup 
genotype genotypeofoffsprlng 

So the Ltts might be the parents of tit.her the Bgroup 
OftheOgroupchild 

The GCl"bers were both blood group 0, so their 
offspring must also be blood group 0. (Therefore the 
LttsweretheparentsoftheBgroupchtld.) 

The Sa ntiago& were ABand 0, gi\ing the k>llowing 
possible outcomes: 

Parental Parental Posslble bltX>dgroup 
genotype genotype ofoffsprlng 

So the Santiap \<-\'re the parents of the A group child 
(sincetheleeiiweretheparentscltheBgroupchild). 

page 156 
II a Liz and Diana 

b (l) David and Anrn' (ii) James 
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Eight: Rlchard,Judith, Anne, Cli.arles, Sophie, 
Orris, Sa.mh and Gail 

d James and William, Arthur and Diana, etc. 

page 157 
12 The Punnett grld for the cross between a normal­

handed indi1idual (nn) and someone with 
brachyd:ict)ious hands (Nn) is shown here. 

The probability of having an offspring with 
brachydact)1ous hancbisequal to50%. 

page 159 
13 The genotype of a fema le with colour blindnes.scnn be 

representedasXl'Xb.Malescannotbecarriersasonly 
one X chromosome is present - the recessiw allele Is 
always expressed; the heterozygous conditic.-. (carrier) 
doesnocapplyfOfsex-l inhdinheriranceinmales. 

page 160 
14 Males ha.\"e only one~ cl the X chromoi;ome which 

ls inheritedfromthemother.Whencherecessi\"eallele 
fOf hemophilia ls present on this X chromosome, males 
expressthedisease.Sincetheheterm~scondltion 
does not exist in males, there are no male carriers. 
Femalesmaybecarriersbut arera llc'lyaffected by the 
disease as they must receive t\<U recessi\"e alleles -one 
from each parent. 

page 165 
15 Re11erse transcrlptase (Rl) generates complementary 

DNA fmrnamoleculeofRNA HIVisaretroYirus 
that uses (Rn to convert its single stranded RNA into 
double stranded DNA (cDNA), in Ofder 10 integrate 
it imo the host genome. This generates a long term 
infectionthatlsdifflculttoeliminate. 

page 166 
16 Gelelectrophoreslsusesagelofagarwithinacha.mber 

where a current is applied A DNA sample is digested 
Of cleaved using resuiction enzymes; a dyeing !lOlutlon 
is :dded aod then the samples are iruerted into the gel. 
The fragments separate based on their negati\"e charge 
and size, creating visible bands - the smaller fragments 
an> able to go faster and further than larger fragments. 
Fragmentshavetornm-ethroughtheporousstructure 
ofthegeltow11rdsthepo5iti\-epole 
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The buffer maintains the pH of the solution and allows 
the electrical current to flow between the negative and 
positive poles 

The power supply provides a continual electrical current , 
allowing the negatively charged DNA fragments to move 
towards the positi\"e pole 

page 168 
17 

°"'""'"m"'be""rn""10"',~'"'~'"""-~"",---',-"c','"'C,",---
adenirie. thym irie. adenirie. ur;,cil.cyto5ine 
cyto~ne and and guanine 

nudeusaodcytoplasm 
no.only tRNA 

page 169 
18 a Oeaving DNA by a restriction enzyme at the 

recognition sequence (palindrome section) creates 
protruding 5' and J• endings. 

b Restriction endonucleases cut, cleave or digest the 
DNA at specific recognition sites; ligase catalyses the 
joining of DNA strands 

A bacterial chromosome is a circular chronK>SOme 
and a plasmid is circular extra-chromosomal DNA 
material. 

page 174 
21 Afertilizedeggcellisadiploidcellthatwilldivide 

by mitosis during the development of new tissue cells. 
lfageneisinsertedintothiscell,allofthecellsof 
the organism that develop from the embr")U will have 
the gene - including the germinal cells, allowing the 
individualtopassonthispropertytoitsprogeny. 

22 Allcellsinthegalltissueareinfectedwith 
Agrobac1eri11m which means that the Ti plasmid has 
been integrated into each cell's genome. 

page 175 
23 Cereals will require less nitrogen-containing fertilizer, 

and they form the bulk of human fcod intake. 

b ~ :~~:~:~ :;:~~i~:i:::~:Sses 24 a Criticisms could include 

tojoinontoit. 

page 171 
19 The genes of prokaf).utes are more easily irn:xlified than 

those of eukaryotes because 

plasmids, the most useful vehicle for moving genes, 
donotoccurineukaryotes(exceptinyeasts)and, if 
inmxluced, may not survive and be replicated there 
eukaryotesarediploidorganism.1,sotwoforms 
(alleles)fore'"erygenemll'itbeengineeredinto 
thenucleus.Ptokar")Uteshaveasingle,circular 
'chromosome', so only one of a gene has to be 
engineered into their chromosome 
transcription of eukaryotic DNA to mRNA is more 
complex than in prokar)Utes, where it irnulves 
removal of short lengths of 'non-informative' DNA 
sequences - theintrons 
machineryfortriggeringgeneexpressionin 
eukaryotes is more complex. 

page 173 
20 a The genotype is the alleles of an organism and the 

genome is the whole of the genetic information of an 
organism. 

Unknown secondary effects in humans, such as 
allergies. 
Passingantibioticresistancegenestoconsumers 
or other organisms. 
Reducing biodiversity of crops. 
Reducingvariabilityinthespeciesofcrops 
cultivated, leading to new pests that require more 
attention or new rrn:xlifications 
Cross-pollination of species, leading to super­
weeds containing an insecticide gene 

b Argumentsinsupp:>rt: 

Allergeniceffectsarerestrictedtocertaingroups 
of the human population and, in most case., are 
similartothenaturalallergieshumanshavefora 
speciftcproductorfood 
Noneedtouseamibioticresistancegenesin 
plasmid,;fluorescentmarkerscanbeusedinstead. 
Biodiversityispreserved,sinceon\ycertainareas 
arecultinnedwiththeGMcrops. 
Variabilityofthespeciesisnotreduced, but 
improved, sincenewfeaturesareaddedtothe 
species 
Cross-pollination could occur, but there is not 
much evidence of this happening with pollen 
comingfromregularcrops. 
GM crops increase yield and help to improve the 
quality of the products 



page 178 
25 Identical twins are monozygotic, meaning that they 

come from the same dividing cell, so they have 
the same or ~·ery similar DNA. They cannot be 
distinguished by DNA fingerprinting. Non-identical 
twins come from two different egg cells, each one 
with a different combination of alleles, allowing 
fingerprinting techniques to find differences between 
them 

4 Ecology 

page 185 

I a ecosystem b population c abiotic factor 

d community e biomass f habitat 

g abioticfactor 

page 187 
2 I autotrophic organism producing organic 

compounds by means of photosynthesis 
prOOucer/autotroph 

b heterotrophorganism Goto2 

2 a organismconsuminggrassorherbsonly 
herbivore/primary consumer 

b organism that i~sts other animals go to 3 

3 a organism consuming organic matter that is 
living or recently killed goto4 

b organismthatfeedsondecayingmatter goto5 

4 a organismsfeedingonprimaryconsumers 
secondary consumer 

b organisms feeding on secondary consumer 
tertiary consumer 

5 a organismslivingondeadorganicmatter, 
secreting digestive enzymes saprotroph 

b organismsthatingestsdeadorganicmatter 
detritivoreordecomposer 

page 191 
3 Observedresultstable: 

present 

BIiberry present 12 

BIiberry absent 
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Expectedfrequencytableoroontingencytable 

Bellheatherpresent Bellheatherabsent 

BIiberry (67 ~ 100)1200• 33.5 (67 ~ 100)1200• 33.5 67 
present 

BIiberry (133 ~ 100)1200 • 66.S (133 ~ 100)1200•66.S 
absent 

x1"' L (O ~ E)' 

,, (12 - Jl.5)1 + (55 - H.5)1 + (BB - 66.5)1 + {~5- 66 .'l)' 

JJ.5 H.5 66.5 66.5 

=13.79+13.79+6.95+6.95 

=41.48 

Degree.of freedom" (2 -1) x(2 -1)" I 

Criticalvalueforap-Yalueof0.05is3.34. 

Thevalueofx 1 calculatedisclearlylargerthanthe 
criticalnilueof.3.34foronedegreeoffreedom. 

The results show that the dist ributions of the t'M> species 
are not in independent of each other; the distributions of 
thetl'Uspeciesareassociated. 

4 The answer depends on the location, but here are some 
suggestions: 

deforestation - canbeaddressedbyreforestingzones 
U5inglocalspeciesoftrees 
reductionofnaturalhabitats - counterbyprotecting 
regionswhereendemicspecieslive 
urban development - restrict new building to urOOn 

air pollution - reduce pollutants in the air by 
imposing restrictions on traffic, making strong 
policies to force industriestousefiltersortoavoid 
burning of fuels 

page 193 
5 Saprotrophsreqdenutrientsintothefoodchain, 

ultimately making them available to animals again 

page 195 
6 Aquatic food chain A: phytoplankton ----t zoq,lankton ----t 

commonmussel ----t dogwhelk 

Aquatic food chain B: seaweeds ----t grey mullet ----t 
pollack ----t seal 

Trophic level of each organism· 

Seaweeds and phytoplankton: producers 
• Zooplankton and grey mullet: primary consumers. 
• Secondary consumers: common mussel, pollack 
• Tertiary consumers: dog whelk and seal. 

7 Sunlight. 
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page 197 
8 Trophic le\'els of humansdepeOO on wlun they 

feed on: 

when eating \-egel:ables, cereals aOO fruiu only: 
primarycONUmers 
11·hen eating meat from herbhore:s: M.'Condary 

wheneatingorhercarnivaeanimals;ten:iaryor 
quaternary conwmers 

page 199 
9 Energy ls lost at e1!Ch trophic lewl. Only 10-20% 

oftheenergymadea\-allablebyproducerspassesto 
primary consumers. Thls ls because plants use energy 
for their own metabolic processes such as creating ATl'. 
Consumers use energy ln movement; the energy dissipates 
a00isl06tashelitlntothesurroundingenvironment. 
Also,notalltheorg:inlcmatterisoonsumed 

The total amount o( energy available to top consumers 
issmall;alargenumberofproducersarerequiredto 
provide tertiary and quaternary consumen; with enough 

='iY· 

page 200 
10 Fromprim.arytoM.'CondaryCOf'IM.lmen;; 11.4% 

II a Energytaken ln:30S0kJ m·1tT"' 

Toral energywasted:2925kJm·lyr-1 

Energyvalue ofthenewbiomass IZSkJm-lyr-1 

Percentage o( energy in biornas.sof the cow: 4.09% 

b Energy transfer between primary aOO M.'Condary 
consumer. 4.09% (same as the biom-) 

page 202 
12 • Differences In the rates of flux between atmosphere 

aOO lar\d biota.: carbon is fixed by phot06}'nthesis, 
giving the greatest pool of carbon in land biota Rux 
rate due to resplratlon takes back carbon stored in 
1andbioralntotheatm06phcrepoo1, andthisflux is 
enhanced by the burning of matcriali;, thus making 
the atm06phcre pool greater than the laOO biota 
Also, the atmosphere receives a flux of carbon from 
other pools, such as sol~ surface ocean, the mantle 
aOO with the burning of hssi l fuels from the pool of 
'sedimentary rocks'. 
Differences in rates of flux between deep ocean 
aOO sedimentary rocks: deep oceans nore a total 
o( 38CXXIGT aOO sedimentary rocks I CXXIOOOGT, 
meaning that the sedimentary rock pool is much 
greaterinotorageolcarbon thandeepoceans. 

I} Thelargestamountol carbon storedisin the 
sedimeniary rocks aOO in the Ear1h's cruot (mantle~ 
Total perceniageis.:95.6%. 

page 203 
14, ~m, 

b hydrogencarbona1elons 

c carbona~s (e.g. Ca1CO,) 

page 205 
15 The atmospheric carbon dioxide varies between high 

and low values within each 12-month period of the 
graph due to phot06ynthesis on lands in the northern 
hemisphere - the peaks are wlnter levels, and the 
troughs are summer levels of atm06pheric CT\. 

page 207 
16 Plants absorb CO, Into thelr tissues, thus reducing 

atmospherk concentrations of this gas. Destruction of 
rainforestwillreduce thenumberofphotosynthetic 
organisms available to fix C:01 into organic molecules, 
leading to an incn-a11e o( this gas in the atmosphere. 

5 Evolution and biodiversity 

page 212 
I lussils form when the skeleton ls left after the :soft paru 

of a lxxly have decayed 1100 when the lx:,nes become 
covered with 5ediment. When more sediment is added, 
this creates enough pressure to harden them aOO they 
may become impregnated with silica or carbonate ions. 

page 213 
2 The breeding of domestic:ated plnnts and animals has 

createdvarietieswithlittleexternalresemblaocetotheir 
wild ancestors. Darwin bred pigeons, and noted there 
were more than a doi:en dlstlnctlve varieties of pigeon, 
all of which were descer'lded from the rock dove. Darwin 
argued that if so much change can be induced in so few 
generations, then species must be able 10 e-ulve into 
otherspeciesbythegradualaccumulationofminute 
changes, as environmental conditions a her aOO natural 
selection operates. 

} Aspecie:sisagroup olorganlsms that canimerbreedand 
producefer1ileolfspring. All these dog 1ypescan breed 
and their offspring wl\l be fertile. 



page 219 
4 Naturalselectionresultsingradualchangein 

populations due to the i:o,session of more favourable 
traits by some individuals in the face of environmental 
change. These individuals are more likely to survive, 
breed,andproduceoffspringthancxhers. ln artificial 
selection it is humans that select individuals for 
breeding with the more favourable characteristic in each 
generation,bringingaboutquickchange. 

page 221 
5 Modem genetics can identify relationships between 

species of organisms, based on molecular evidence, that 
confirm and support the theory of natural evolution. 
See 'Neo-Darwinism', page 220. 

page 222 
6 a Exposure of pathogenic bacteria to sub-lethal doses 

ofantibioticmayincreasethechancesofresistance 
developing in that (X)J)Ulation of pathogens. 

b By varying the antibiotics used, there is increased 
likelihcxxlofkillingallthepathogensina 
!X)pUlation, including any now resistant to the 
previousantibioticsused.Thisapproachworksuntil 
multiple-resistancestrainshaveevolved,suchas 
in strains of CWStTidium difficile aOO Swplrylococcw 

page 223 
7 The idea that the Earth was much older than previously 

thought gave a new aOO realistic timescale for the 
process of heritable change known as evolution. 

8 Impact e..-ems, sustained IDd significant global warming 
aOOccolingthatalsogaverisetosea level rises; plate 
tectonics and vokanic activity with flco:l events, leading 
to release of sulfur gases into the atmosphere, killing 
photosyntheticorganisms;anoxiceventsoftheocean, 
amongst others 

page 225 
9 The international naming system is used to avoid 

confusion among scientists around the ,,,orld when 
naming organisms. 

page 228 
10 The domain for both organisms in the figure is the 

Eukarya domain. The flow diagrams will be mOOified by 
adding an upper le..-el from which both ki~oms come. 
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page 238 
II The design can include a dichotomous key of plants and 

animals common in gardening. Consider the location 
of the gardener, since the environment affects the 
distribution and presence of plants and animals 

6 Human physiology 
page 248 
1 Parasitic nutrition and saprotrophic nutrition. 

page 249 

m()()lhand 
l'SOphagus• 

Assoc iated 
gland 
sa livaryglarids break(4Jofloodbyteeth. 

lub rication of food and 
throatbyo;aliva 

wallofstomach beginningofprote in 
digestion - seaetionof 
gastlic:jui::e 

mechani::aldigestionby 
churning action of stomach 
w>I 

smallintestine• wallofsmaj l digestionofcarbohydrates. 
lipids and proteins. 
movement arid mixing of 
food by peristalsis 

siteolabsorptionofdigested 
food 

seaetionolenzymesth.it 
rn~etedigestioo(al'ioan 
e!ldocrine9laod) 
prodoces Me(alsoprocesses 
theprodoctsofdigestion 
aflerab50rptkm 

gajl bladder storesb41earidrek>asesitinto 
thefirstportionofthesmall 
intestine 

largeintestine• gobletcell'iin watefandmineralsatts 
thewall ofthe absorbed 

•11>eseregloolalsoprodu::ea,pk>u1quantltlelof1oocus 

page 251 
3 a Digestion reduces the sire of macromolecules by 

h)'Urolysing them in order to allow the absorption of 
small molecules through the intestinal wall 

b Water and foods such as fruit juices that contain 
negligible amounts of proteins and carboh)'Urates. 
Vitamins and minerals are also absorbed witOOUt the 
need for digestion. 

Cellulose 
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4 The type ci reaction is hydrolysis, which requires w:iter 
to break down the pep:ide l:onds between amino acids 
and the bonds between sugars in srorch. 

page 253 
5 The mechanisms included in the dl"ilwlng are: 

Diffusion of minerals and fuclllrnted transport of 
glucose with so::lium at the same time. 
Amino acids acti,"ely enter into the Intestinal cells 
ard are traruported with so::lium and glllCOSe, but 
energyisrequired for thisprocess..Afterthisboth 
glocoseandaminoacidsarelTIO\-edbyfarilitated 
transportintothehepaticportalvein. 
Fauy acids and gl~ are integrated with pl'O(ei.ns, 
phosphol.ipidsandcholesterol tobelransportedin.side 
the lacteals as a lipoprotein called chylomkron. 

page 254 
6 Absorption: uptake into the body (blood circulation or 

lacteals) of the useful products of digestion, from the 
gu1 lumen. Assimilat ion: uptake of nutrlen1s into cells 
andtlssues. 

page 255 
7 For example, it means tha1 blood cannot be directed toa 

respiratorysurfuceimrnediatelybekire0fafte£senicing 
tissues that are metabolkallyactive (and so have a 
high rate of respiration). Rather, the blood circulates 
randomly around the blood spaces and blood vessels. 

page 256 
8 Pha~ytlc leucocytes function anywhen ln the booy 

that an infection occurs, but in addition to their 
presence in the blocxl plasma, lymph and lymph glands, 
they are alwai-s present in the airw:if$ and alwoli ci 
the lungs, and in the liver, lining therowsofli,wc.ells 
(hepatocytes) past which the blood flcM-s. 

page 258 
9 Pulmonary system: the heart sends deoxygenated blood 

Into the pulmonary artery to the lungs. Oxygenated 
blood enters the heart through the pulmonary vein from 
the lungs. 

S,,"5temic cirwit: the hear1 sends oxygenated blood into 
the aorta (major artery) and receives deoxy~1:1ted blood 
from the body through the '"ena cava. 

page 262 
10 These non-elastk strands keep the helirt-rnlve flaps 

pointing in the direction of the blood flow. They stqi 

thevalvesturnlnginsideoutwhenthepressurerlsesdue 
towntricularcontraclion. 

page 263 
Ila Pressurelntheaortaisalw:i)'llsigniflcamlyhlgher 

than th., t in the atria becall.'le blood is pumped under 
high pressure into the aorta, and during diastole and 
atrial systole the semi lunar valve5 prevent back flow 
from the aorta. Meanwhile, bkxxl enters the atria 
under low pressure from the ,-ei.ns, and the pumplng 
action of the atria is slight compared to that ci the 
ventriclewhichgenerates our'pulse'. 

b Pressure falls abruptly in the atrium once ventricular 
synoleisunderwayasatrialdiastolebeginsthen. 

c These111ilunarval\"eintheaortadoesnotq:,et1 
immediatelybutopensassoonasthepressurelnthe 
venuiclesexceedsthatofthepressureintheaorta,so 
preventlngbackflow. 

d When 1-entricular diastole commences, the bicuspid 
val,-e will open when pressure in the ventricles falls 
belowthat inthe atria,!iOpreventingbackflow. 

About 50% of the cardiac cycle is given Ol"er to 
diastole-therestingphaseineachheartbeat.~ 
heartbeatsthroughoutlifeandtakeslimitedrestat 
thesemo1nenu. 

page 265 
12 a The velocity and pressure Me highe£ whc-n the blood 

islntheaorta,followingoontractionofheartmuscle, 
compared to when it is in the veins. 

b Artery w:ills have elastic muscular fibres that help to 
maintainthebloodpressure.Also1heyha1'\'11thicl.:: 
outer la)-er of collagen to withstand the pressure. 

Thebranchingcithecapillariesredocesthepressure, 
and their p:,rotH membranes allow liquid to leak 
out, lorming the tissue fluid that bathes cells. This 
facilitates the exchange ci materials between blood 
and cells. 

page 267 
13 Released during a stressful situation, such as when 

leelingfeMOfa"'€ef",in orderto preparethebodyfor 
'tlghtOfflight'actions. 

page 270 
14 A bacterlal c.e\l performsallthe functiondlife,soithas 

a complex me(aboiism. Enclosed within a c.ell w.1 11 and 
a plasma membrane, it contains c·,.-toplasm, a nucleold 
region, ribosomes and mesosome among other important 



structures. Also, there are a flagellum aOO pili for 
locomotionaOOforattachmemtootherbacteria. 

A virus is an infect\ous agent, with 11 limited amount 
ofresourcesenclosedinacapsidmadeofproe:eins. lbis 
capsid contalm a nudelc acid aOO RNA viruses also 
contain a retrovira[ enzyme. Viruses depend on the 
enzyme; aOO cellular machinery of the 00:.t cell, making 
them all parasitic. 

page 271 
IS Mucusprotecu 1helis.suefromdryingoutaOOactsasa 

surfactant. halsohelps bytrappingdustaOO bacteria, 
reducingthechancesofaninfection. 

page 273 
16 Damaged cells produce a slgnal that causes platelets 

to collect at the slte of dmnage aOO release clotting 
factors. Dotting factors acth11te thrombin which then 
stimulates the conversion of fibrinogen into fibrin 

page 274 
17 • Theytestedtheirpenlclllinonhumanpatientsafter 

\"er)' few tests on animals 
They 1hen tested hum.am (singly, or \'ef'Y .1mall 
groups) a lready ill with acute and life-th reatening 
bacterial infections, withou1 any prior inv~igation 
of the effect of their penicillin on he:ilthy people 
lney worked with small groups, and with minimal 
quantitiesofthelrpreparation 
Theirpenlcillinpreparatlon"'-asimpuresothere 
rould haw been side effects from the impurities. 

page 275 
18 Antibiotics either destroy the mechanisms that 

produce the cell wall ln bacteria or inhibit some of the 
transcriptionalproces.sesth.'ltcreateenrymesinside the 
bacteria. Viruses do not have a cell wall aOO do rDt have 
any molecular pathways to produce enzymes (using 005t 
cellfacilit iesforthls). 

19 lmensiveagricultureleadstotheexcessiveuseof 
antibioticsinfurmanltnals, lnordcrtocomrol bacterial 
diseases that spread easily among groups of encio-:l 
orcloselyspaced anlmals.Thedangersarerelatedto 
antibiotic resistance,assomesuper-resistam bacteria 
maybecrearedbythlslntensiveaOOexten.sh'Cuseof 
the an tibiotics. 

page 276 
20 Commercial challenges: strict regulations for creating 

new medicines and limited financial reward an.' two 
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of the problems that phannaceutlcal companies face. 
New antibiotics are not used extensively and, if they 
are used, 1he l reatment lasts for iwoweeks. Compare 
this with che financial gain from de\'eloping a medicine 
that is 1aken every day indefinitely. 

Medicalchallenges:$Ollll'Gram-negati\'ebacreria 
have a double cell wall that llmlts the en1rance of the 
an1ibiotic. 

21 Antigens are found on the surface of bac1erial cells 
that invade the body. They are also fouOO on the 
surface of red blood cells. platelets and white blood 
ceUs. Antibodies are proooted by our own cells in the 
circulatory synem in response to ron-self antigens. 
Antibodies exist in the blood and lymph, and may be 
carried in the plasma solution anywhere that blood 
'leaks out' to - including sites of Invasions. 

page 278 
22 ln ordertoproduceantibodles,activMlonoflymphocyte 

~es is required. Transcription of mRNA, fol lowed by 
tra115lation, creates the antibodies. Translation happens 
in the RER and the antibody proteins are secreted into 
\'esklei;. After this, the Golgi apparatus modifies 1he 
antibodies, making them functionally active. Finally, 
theyaresecretedoutofcellsbyexoq,tosisof\"eSicles. 

page 280 
23 AIDS patients ha\'e compromised immune S)'Stems, 

due to the H IV viral infection., and are not able ro keep 
comrnoninlectiousdl.seasesuodercootrol,such that 
these c.ommon. diseases contribute to the depletion. of 
the already compromised immune system. 

page 281 

24 Ch; racterlstk How It Influences diffusion 

.ilarge, thins.urf;ice.ire;i thegre..teitheru rface.lru.md 
theshofterthedist.inceth.itg;ises 
(O,.indCO)tlawtodiffuse,ttie 
qukke<g.iseJ<£tlangeoccur1 

aventil.itionml'Chanlsm thehlghe< tl\ecoocentf.itloool 
that mov!'l.iir(orw.itei) oxygenoo the's.upplyslde'oltl\e 
OW! r the resp iratorysurface rnplr;itorymembrane,thequicker 

9~sandiffuseacrossthesurface 
.ibloodcirculationtha t thequk:xeroxygenlspickedup 
speedo;uptheremgy;ilof ;indt1,1n1ported-;m~ fromtl\egas 
dimiM'doxygen,IVith;i eJ<£ha.ngesurface,ttiege.iterttie 
1espiratory pigment that r~te of diflu51oo 
inaez;e\t!leg;is-c;;irryin,g 
~tyoft!leblood 

The relationship of these fuctors is summarired by 
Hck 's l awofDiffusion: 
,urfac~~xdtffr,:n«'nconc~n,rat'on 
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page 282 

25 Inspiration Expiration 

ex.ternallntercosta l relax 
muscles 

rnotract dlaphr; gm .•. 
muscles 

moveupwards effectsonr1b 
.indootwards 

page 285 

31 a Stimulationsofthenervefibreareinsufficientto 
generateanactionrotential. 

b (I) Scxlium channels open and sodium ions rush in 

(II) lnterioroftheaxonbecomesincreasinglymore 
positivewithrespecttotheoutside 

(lll) lnterioroftheaxonstartstobecomelesspositive 
again . 

(IV) Slight oversheet (more negative) than the resting 
rotential(=hyperrolarimion)beforesodium/ 
rotassiumionpump,withfacilitateddiffusion 
re.-establishingtherestingrotential. 

26 Carbondioxideisanocidicgaswhich,ifitoccumulates page 298 
in the bkxxl, alters the pH d the plasma solution, leading 32 a 
torespiratoryacidosis. Thisimbalancecausesincrease 

The Golgi apparatus sends vesicles to the presynaptic 
membrane containing neurotransmitters 

in heartbeat, high blood pressure, swellings, difficulty 
breathing, discoloration of the skin (turning blue); coma 
ore\"endeathmayresultduetothelackofoxygen 

page 286 
27 Gaseous exchange involves the action of the respiratory 

membrane(inthealveoli)only;cellularrespiration 
happens in the cell cytoplasm and the mitochondria, 
where energy is released from organic comrounds. 

page 289 
28 In both men and women the habit of smoking was 

declining. In the case of men, this followed a previous 
prolonged perkxl when hea,'Y smoking was extremely 
prevalent, followed by a decline in smoking since 1950. 
Theincidenceofmalelungcancerwaspositively 
correlatedwiththisdecline.lnthecaseof=en, 
smokinghadbeenarelativelyrecentlyadoptedhabit,and 
although t"X}W declining, the incidence of smoking had 
been on the increase up until 1970. The resulting lung 
cancerwasstillontheincrease,lorthereisasigniftcant 
delay in the onset of cancer after smoking is taken up. 

page 294 
'19 a The resting potential uses energy in the form of ATP 

for the acti\"e transport pumps (Na•/!(' pumps). 

b AnactionrotentialisduetoinfluxofNa• ionsand 
theeffluxofI<'ionsthroughvoltage-gatedchannels 
that cha~ the membrane. 

page 296 
30 See 'Speed of conduction of the action rotential', 

page 295 and figure 6.46 on page 296. 

b The mitochondria provide ATP as a source of energy. 

page 302 
33 Mitochondria,becauseli'"ercellsaremetabolicallyvery 

active, and RER, because the liver is a secretory organ 
thatproducesmanyusefulsubstances. 

page 304 
34 Endergonicreactionsrequireaninputofenergy(ATP), 

because the products have more rotential energy than 
the reactants. 

page 312 
35 See Hormones in the control of reproduction', 

pages 310- 312; numbered points 1- 5 and figure 6.64. 

page 313 

36 In vin> describes an experiment that takes place within 
alivingorganism.lnvitroliterallymeans'inglass'and 
describes an experiment that is performed in a test tube 
or a Petri dish, often using cell extracts. 

7 Nucleic acids 

page 317 
I See 'Nucleotides', page 105- 106, and Figures 2.47, and 

2.48.lnsummary: 

nitrogenous base + pentose sugar --+ nucleoside 
nucleoside + phosphoricacid --tnucleotide 
manynucleotide.condensedtogether --t nucleicacid 



page 318 
2 a Supercoiling of chromatin during metaphase helps 

to ensure correct segregation of chromosomes at cell 
division. 

b The attraction between histones and DNA facilitates 
supercoiling. 

page 319 
3 Hershey and Chase would have expected that only the 

bacteria infected with the virus labelled with 155 (an 
element in proteins but not in nucleic acids) 'Mll.lid have 
produced radioactive virus. Remember, they were not 
aware that the protein coat of the virll'i remained outside 
ofthehostcellatthetimeofinfection. 

page 320 
4 A hydrogen bond is an electrostatic attraction between 

the positively charged region of one molecule and the 
negatively charged region of a neighbouring one; the 
attraction gives rise to a relatively weak bond (compared 
to a covalent bond). Collectiwly, the H-bonds of DNA 
hold the polynucleotide strands together. 

page 325 
5 The strands of the molecule of DNA that run parallel to 

each other but with opposite J• to 5' alignments. 
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page 327 
8 After the DNA double helix has been unwound and 

the ceding strand exposed, RNA polymerase recognizes 
and binds to the promoter region. This enzyme now 
draws on the pool of free nucleotides to complement the 
DNA sequeoce (A with U, C with G), and catalyses the 
reaction that attaches them in a chain. mRNA is formed 

page 334 
9 a mRNA 

b tRNA 

10 See 'Peptide linkages' and Figure 2.31, pageOO 

page 336 
II Inside the nucleus there are enzymatic proteins that 

participate in the processes of DNA duplication and 
transcription, such as DNA and RNA polymerases, 
helicases, topoisomerases and single strand DNA 
binding proteins. Also there are histone proteins that 
help to organize the DNA and participate in the control 
oftranscriptionalprocesses.Otherproteinsregulatethe 
exit of molecules from the nuclear envelope 

page 341 
12 See The strnctureof proteins' and Figure 2.32, page 91. 

6 a Replicationcanonlyproceedbyaddingnucleotides page 342 
to the 3', so one strand of a DNA molecule can be 
replicated as a single long molecule. The other strand 
isreplicatedinshortportionsthatmustbejoined 
together. 

b lntranscriptiononlytheax:lingorantisensestrand 
of DNA is transcribed, creating an mRNA molecule 
identical in sequence to the sense strand in the DNA 

7 Transcription: first part of gene expression in which a 
particular section of a molecule of DNA (gene) is copied 
into mRNA by the enzyme RNA polymerase. 

Translation: the process of reading a molecule of mRNA 
by a rilx>some during the synthesis of a polypeptide. 

Antisen.se (ax:ling) strand: this is the strand of DNA 
that is transcribed by the enzyme RNA polymerase 

Sense strand: the segment of double-stranded DNA 
running from 5' to 3', and complementary to the 
antisense strand. It has the same base sequence as the 
mRNA, but with thymine instead of uracil. 

13 • They act as receptors for hormones (hormone­
binding sites), allowing cells to receive a hormonal 
signalwhichtriggersasetofintracellularreactions 
Bectroncarriersarearrangedinchainof 
transp:,rters. These move electrons from one carrier 
to another, producing energy. 
Pumps for active transport, using energy from 
ATP,areableto!TIO\"esubstratesagainsttheir 
concentration gradient. 

8 Metabolism, cell respiration 
and photosynthesis 
page 346 
I SeeFigure8.l, page 345. 

page 348 
2 See 'Enzyme specificity and the induced-fit mOOel' and 

Figures2.35 and2.36, pages94- 5. 
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page 350 
3 a rateof ructionofcatalasewithof H,O:,inabsence 

andpresenceofheavymetalions 

~ . . 

rnocentratiooofH,o, 

b A non·competitive inhibitor binds to a part of the 
enz~meotherthantheactivesite.Astheinhibitor 
does not compete with a substrate molecule for the 
active site, an excess of substrate does not oYercome 
the inhibition. From the graph we see that an 
excess of the substrate Hi01 has not overcome the 
inhibition, so copper ions are a ron---competitive 
inhibitor of this enzyme. This is supported by the 
data in the graph where the rate of reaction levels off 
even with the increasing concentration ofH10i 

page 354 
4 NADH, ATP and pyruvate. 

page 356 
5 a Dehydrogenases: these enzymes oxidize a substrate 

byareductionreaction,transferringhydrogenions 
(h)Orides) to an electron acceptor such as NAO' 

b Decarboxylases: enzymes that add or remoYe a 
carboxyl group from organic compounds, usually 
releasedasCq. 

6 In the absence ofox~, redocedNAD (NADH) 
accumulates and oxidized NAO reserves are used up. In 
the absence ofNAD', pyruvate prodoctico by gl~olysi.s 
slows and stops, so subsequent steps in respiration stop too. 

page 357 
7 See 'Ftiosphorylation by chemiosma;is' and Figure 8.12, 

pages357- 8. 

page 358 
8 From the scale bar: 15 mm represents I µm. The length 

ci the mitochondrion is a!l)ffiximately 64 mm, so the 
actual length of the mitochondrion = 64/15 = 43 µm. 
The actual width of the mitochondrion = 21/15 = 1.4 µm 

page 359 
9 a The substrate is the molecule that is the starting 

point for a biochemical reaction; it forms a complex 
with a specific enzyme. An intermediate is a 
metabolite formed as a component of a metabolic 
pathway. 

b Glyco)ysis is the breakdown of glucose in the 
cytoplasm, producing a small yield of ATP. The 
Krebs cycle happens inside the mitochondrion and 
itresultsinthereductionofelectroncarriers;it 
prodoces one molecule of ATP per molecule of aceryl 
entering the mitochondrion 

Oxidation is the loss of electrons and reduction is the 
gain of electrons. 

page 361 

10 companents 

Pigment 
molecules 
(prnteim) 

Accessory 
pigments 

Photosysteml Photosystem ll 
Rl'Ceivethephotonoflightandpassittoother 
pigmentmoll'Cules.unti litreachesthere..ction 
centre.Thesearecalledpigmentedantennae 
An enzyme that u,;e1 An enzyme that uses 
lightofawavelength lightofawavelength 
700nmtoreduce 680nmtoreduce 
moll'Cules mok>c:utes 

Comlitutepart ofthepigmentedantemiae 
andhe" inmovingpllotonsoflight 

EH'ctroncarrler Fmedoxinand Plastoquinooe. 
molecules ferredoxin-NADP cytochrome and 

plastocyaninprotein1 
electrons to reduce help the excited 
NADP into NADPH electron to move 

hyorogenionsfrnm 
thestromaintothe 
thakoids.pace 

Oxygen- With light.performs 
evolving thephotolysisofwater 
coffµex to replace the electron 

excited by the photon 
oflight!'roduce1 
hyrlrogeniom.irid 

ATP synthase Located in the th!li,,koid membrane and forms 
ATPfrnmADPandi'i 

page 363 
11 Electrons displaced from the reaction centre of 

photosystem II in an excited state are first passed to the 
reactioncentreofphotosysteml.Heretheyareagain 



raisedtoanexcitedstateandthistlmetheyarepas.sed 
co oxidized NADP (NADP') to lorm red.iced NADP 
(NADP+ H'). 

12 They are formed there as they "ill be used during the 
Calvin qde. This uses en:y= that are located in the 
suomaofthechloroplasts. 

13 See ,be transkroflight energy'and Agure8.l8, 
pages 362-l 

page 364 
14 An isotonic solution is of the same oomotic 

concentrationastheorganelles,thereforetheyare 
no1 disrupted by excess ITIO\'ernent of water into or out 
oftheirdelicatestructure.Asabuffersolutlon,this 
medium maintains the pH at that of the cell contents, 
thereby ensuring en:yme action continues. 

The presence of ice keeps the solution and organelles 
at or just abo,l? O"C, thereby prewnting unwanted 
biochemical reactions whllst the extracted organelles are 
held before investigation. 

page 367 
15 Chlomlacellsinsuspenslonfuoctionbioct.emicatlylike 

mesq,hyll cells but can be cuhured in suspension, sampled 
witOO.Xinterferenceofthebiochemlstryofothercells, 
and s,.g,lied directly and quickly with light, intermediates 
and inhibitors (if required) ln such a way that all the cells 
are treated identically. Gaseouse;,g:;hange and diffusion 
occur withota the complex!ty (and debys) oft he intact 
leaf with its air spaces and stomata. In the lollipop 
chamber the environment of the cells (lighl: interuity, etc) 
"'35 more neariy iden1ical for the whole chamber than ii 
would be in a spherical flask, for example. 

page 370 
16 a The light-dependent reaction happens in the 

presence of light, whereas the light-independent 
reactiondoesnotrequlrelighttooccur;itusesthe 
products from the llght..dependent one. The light.. 
dependent reactions occur in the thylakoi.ds in the 
presence of light and the light-independent reactions 
in the stoma in the absence of light. 

b Photolysis uses light to break down water, 
producing hydrogen Ions and oxygen, and 
pootophO'iphorylatlonusesltghtenergyro 
phosphorylate ADP to lorm ATP. 

17 The scaning macerlals (carbon dioxide and water) are 
in an oxidized (low energy) state. The em product 
of photosymhe:sis-glueo5e- ls ina reaice.:l (higher 
energy)sune. 

Answers to self-assessment questions in Chapters 1 11 515 

18 The drawing mus! include: oucer and Inner membranes, 
sc:roma, grana (!ii.ngular granum) and thylakoid. The grana 
increasesurfacearea lormorereoctions; thethylakoid 
spaceisredicedtoallowlortheaccumulationoflons;the 
sc:roma conrairu;en.•y= thal are used in the Calvin cycle. 

19 Pho!ooai>11tionofphotosystem l andproductionofATP. 

9 Plant biology 

page 375 
1 The features of root hairs 1ha1 fuctli1a1e absorption from 

the soi.I are: 

theygreatfyincreasetheS1.1rfuceareaoftheroot 
they grow in close contact with the film of soil water 
that occun around mineral p:uticles where the 
eSlientialresources(wmerand solubletons) occur 
theirwallsareofcellulC6eandarelnlntlmate 
contact with cells of the cortex In a region that is 
permeable to water. 

2 The symplast pathway of water mo\'cment ls through 
the cytoplasm (by diffusion), lnc\udtng through the 
cytoplasmic connections between cells. 

The apoplast pa1hway of water movement Is the mass 
flow through 1he space in che wall cellulose (about 
50% of the wall volume). 

page 378 
J PI.ant grow1h is dependent on a supply of ct.emically 

combined nitrogen (b amino add and protein 
symhais)ofwhichnirratesaretyplcallythemost 
readilyavailable.H°"-e.-er,nitratesarealsotakenupby 
microcrganifilu and may be released In the soil al times 

other than when plant demand is al its pe1k. They are 
aOO"erysolubleandareeasilyleache.:lav.11ylntoground 
water in heavy rain. By taking up nitrate whene\'l.'r ii 
becomes available (and storing it in cells), plants can 
maintaingrowthatpeaktimes. 

4 In waterlogged soil there are no air spaces and the 
dissolved oxygen is reduced. Roots need oxygen to 
respireandperformotherrnetaboHc~ctMtles. 

page 381 
5 The girth of the tree trunk shrinks during the d.1.ytime 

whentranspirationoccursatagreaterrateandincreases 
at night when transpiration is red.iced. In the day, 
reduced water in the xylem ves.sels causes shrin~ in 
1he mwall girth of the tree, demonstrating the coheshe 
and adhesive properties of water molecules and the 
tension between water molecules and xylem walls. 



516 An~ to self-assessment questions in Chapters 1-11 

6 The Guparbn strip is made o( a dense material that 
restricts the passive mo\'emeru d water 1hrough the 
apoplast pathway, foo:ing it tow;, into the symplast 
pathway. 

page 382 
7 Stomata work by turgor ~re. opening when water 

Is absorbed by the guard cells from the rurroundlng 
epiderrna[cells.Fullyturgidguardcellspushiruothe 
epidermal cell besides them because o( the way cellulose 
Is laid down in the guard cell walls (dlinly in the lateral 
walls, greatly thickened in dorsal and ~-..rural walls - see 
Figure9. IO,pa~J82). 

page 383 
8 Turgor in the guard cells ls responsible for the opening 

of the stomata I pore. In very dry conditions there is 
inrufficientruppliesofwmertothecell1forthepores 
to reach maximum opening or to sustain open pores for 
long in the face of continuing water loss by transpiration. 

page 387 
9 Thisisbecausewaterlsrequiredtomaintainthecells' 

1ursix and, In noo woody tissues, allow the cells to enlarge 
and grow- 11TICfl the cell walls are expanding water 
(tursixpressure)isrequiredtomainrainthisenlarging 
process. Also it is important that water is required b: 
traru;port ofmlneralsand~rs l!Wde the plant. 

10 In the 1-einsand vascular bundle:softhe leaf, the water­
ronductlns tissue (xylem) is oo the upper side (with 
phloem below- because o( their relatini positions in 
stem vascular bundles with which they connect directly). 
So looking at the features of marram gr.m leaf, we can 
see the outer epidermis Is suictly the lo,o-er epidermis. 

l l Soil water, tho...gh present, is unavailable to the plant. 
Thl1maybebecauseltlsfrozen,forexample,orbecause 
the external water has a lower water potential than that 
of water in the plant (apoplast and symplast), due to 
excessdissolvedsalts.forexample. 

page 391 
12 a ltisgenerateddurlngtheCalvincyclein 

pOOlosynthesislnleavessuppliedwithradioactive 
carlxindioxldelnthe light. 

b Catkins (flc,.,,·ers) produced during spring and also 
1hestem. 

c The distance Is determined by 1he ex-acl loca1ion 
that an individual aphid inserts its probu<;cis into the 
phloem. 

d Mean •S60 mm 

Exper1menl 

f 282.Jmmhr-1 

Slo\\"eM isexpe!"llnent I; fastest is experiment 4. 

As these expe!"imenu Involved differem stems 
(and separale experiments), it is possible (i) that 
temperature differences accounted hr different 
ratesoftranslocatlon,and(H)thedift"erencesinthe 
conditions in thepartlcularsourceand1inktiSM.1es 
that drive mass flow were responsible. 

page 392 
13 The companion cells provide all the metabolic functions 

!or the sieve tubes, as well as pTO\iding for their own 
needs, so the ATPdemand is very high. Energy is also 
neededtoacti\·elyloadthesle-.'Ctubewiththe sap 
containing solutes coming from the source cells. 

page 394 
14 a Seetheannota1ioos10Figure9.18,page389. 

b Sample from near the leaves will ronlain a higher 
concentration of SOCT06e than the one raken from 
thebase ofthestem.Sugarsmadebyphocosynthesis 
inthele:r.'e$willbeloadedlntothesievetubes 
high up in the tree. The contems are mo,.ul 00\\"n 
tothesinkorgans,wheretherewillbealo-.>-er 
concentrationof1hesesugars. 

IS a Heresugar(de[il-eredbytranslocatioo)isconverted 
tonarch,lo-.>'Cringthesolutepocemial. 

b Here,ifphota;ynthesisln thelightproducesrugar 
faster than it can be translocated to sink areas in the 
plant,thesolutepotentlalwillbehigh. 

16 Transpiratioo is the lossofwat,::r vapour through the 
stomata in the leaves of plants, whereas tnmslocation Is 
the movement of solutes, such as org:mic compounds, 
from source organs such as le11ve1 to sink organs such as 
roots and fruits. 

page 400 
17 Llght isrequired forthe manufuctureofrugarby 

phocosynthesis;also lightinhlbitsextenslongrowth 
in stems, triggers a poi;itl\'C photolrophic response in 
s1ems,promotesexpansionofleafblades,isrequired 
ix-thesynthesisofchlorophyll,ttiggerscheswitch 
from vegetati\"e growth to tlcr,1-ering in many plants 



(depending upon the length of the light and dark 
periods within 24 hour cycles) and is required to promote 
germination in some seeds. Stomata[ pores widen in 
response to increasing light intensity. 

page 404 
18 Pollination is the :miYal of pollen grains from the 

pollen sacs in the anthers, into the stigma of the carpel. 
Fertilizationreferstothefusionofthegametecellsinside 
them11ryoftheflower. 

page 406 
19 a This includes plums, peaches and avocado, 

b This includes pea pods and runner beans. 

c This inckKles gooseberries, cucumbers and tomatoes. 

10 Genetics and evolution 
page 417 
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page 425 
5 F, 

Vestlg lal w lngandebony 
body(bbvv) 

F, 

Genotypes 

Normal w lngandnormal body 
(BBVV) 

Allhell'rOzygous,oorm.ilwings 
and nor mal body 
{BbW) 

Phe notypes parental vestigial parental 
pheootype phenotype wingand wingand 

;~:!:a( ebonybody =al 

body 

V!.'5ligial 
wir,g;md 
ebooybody 

I Mitosisisthedivisionof(Zn)somaticcells, producing page 427 
two genetically identical (2n) nuclei, and meiosis is the 6 Expected results are equal to 14 "'50 pea plants 
divi5ionofa(2n)somaticcell, toproducefour(n)gamete 
cells,eachwithhalfofthegeneticinformation. _ c_,_''"_''_ting_ f ________ _ 
Mitosis is used to replace damaged and old tis.rue cells, as Pred icted O E O - E (O - E)' (O - E)'/E 

~·=!:~o:rc:1;~~a:::~~\C:;:i~~·u~~iosis c:=::::=::=i~-ina~, --·~~~~~~-~-
gametecells. See 'Meiosis' and Figure 18, page 142. .,:=:c,:::cc:=:~ina7I ~'---------"'s;----'so"--'-, -c'-----"'"-----

page 420 
2 From the information aniilable in Figure JO.fr 

the heterozygotes were the FI progeny - round and 
yellow 

b the recombinants (due to reassortmeru) among the 
F

1 
progeny were 'round and green' and 'wrinkled and 

yellow'. 

page 422 
3 Their position is on separate chromosomes. This is 

important as Mendel was able to observe independent 
segregation of these traits, as reflected in the law of 
independent assortment. If these genes were located on 
the same chromosome they l'Ullld be linked and the 
proportions of the progeny l'Ullld have been different 
from the ones Mendel found 

page 424 
4 A mutant is an organism or genetic feature resulting 

from a change in the sequence of nucleotides in the 
DNA, or from a change in the chromosomes. 

108 I.(r) 

Degree:soffreedom=4-1 =3 

Criticalvalueofi=7.81 

Thedifferenceobservedisduetochance. 

7 The recombinants will be 
Tb 
ill 
,B 

"' page 429 
8 The pheootype ratio was I white: 4 light; 6 medium 

4dark:lblack 

page 431 
9 The following factors affect the composition of a gene 

p:x:,l: 

Whole population level: founder effect; random 
genetic drift, and emigration and immigration 
Members of a !X)pUlation: mutations and selective 
predation.SeeRgurel0.16, page432 
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page 434 
10 A species is a group of o rganism s that can interbreed 

and produce fertile o ffsprins; a variety is a ranlr:: below 
species and it consists o f members who differ from 
others o f the same species In minor but heritable wa)'S. 
Examples should be of garden plants or n•getables, of 
common llllrieties. 

11 A mutatioo isachangeinthe~nceof bases in 
DNA that resulu In an altered polypeptide and has the 
poi:emial to change the characteristia of an crgani5m 
oranin.:lhidual cellasa resul1ofal!era1ionsin,or 
non-produc1iono{,proteinsspeclfiedbythemutated 
DNA. Mutations occurring ln body cells of multicellular 
crganisms, l.e. somatic mutations, are only passed on to 
the immOOiate descendents of those cells, and disappear 
whenthe organlsmdies. 

However, mutations occurring in ovaries or testes (or 
anth~s or embryo sac of flowering plants) - germ line 
mut.it ions -a re mutations that may be pas.sed to the 
offspringandperslstfromgcnerationtogeneratiOIL 

A:;aresultofthissourceofgenetic\-ariation,the 
in.:li\idual offspring of parents may show variations in 
their characteristics. Some of these changes may confer 
anadvantage.Favourablecharacterisl:icsexpressedin 
the phenotypes of some of the offspring may make them 
betterable1osurvi\'eandreproduce in a particular 
em·ironment. Others will be less able to c.ompete 
successfully, survive and reproduce. This is the principle 
of natura lsclection. 

page 438 
12 T he frequency fa- indigenous Australians is 0.49. The 

frequency fa- indigenous North Americans is 0.04. 

11 Animal physiology 
page 444 
I The function of the thymus gland is to receive immature 

T cells (produced In the bone marrow) to select only tOO'le 
that (i) attockantlgensofforeigncells,and(ii)exclude 
anyT cells that also attack the body's own cells. The 
remaining T cells are allowed to mature and pass out of 
the thymus gland. These cells are able to protect the booy 
against in\"aSion, normally without danger of autoimmune 
diseases beingtrlggeredbytheimmunesystem. 

page 447 
2 Ant~s are found on the surface of bacterial cells, that 

invade the booy. They are also found on the surface of 
our red blood cell!.. Antibooies are produced by ourovm 
cellsinthecircula1orysys1eminresponsetonon.-self 

antigem. Antibodies exist In the blood and lymph, and 
may be carried in the plasma solution anywhere that 
blood 'leaksout'to- includingsitesofinva5ions. 

3 The drawing miN demonslrate the student's ability to 
differentiate between the polynucleated cells and the 
mononucleated ones, as well as differetuiating between 
thegranularandtheagranulartypa. 

page 451 
4 The fll"!il pria-ity in combating TB is 10 malr::e sure that 

the quality of peoples' housing ensures 1hat they are not 

expo:,ed tocOl"lditions favouring the transmi.ssion of T B 
and allo that their diet and lifestyle choices enable them 
to be healthy. The first group to recel\"e the rnccine is 
chiklren. Then people at hlgh risk, such as cho,;e living 
in poverty or in economically depressed rones where 
accesstoahOllpiroltsno1posstble.Afterthis,trem 
older people an.:! patients with respiratory problems or 
with immunodeficiency syndrornes. Finally, apply the 
v-accination programme to people who are located near 
reported areas of infuctlon and then start extending the 
~-accination progrnmme to the rest of the population. 

5 Thedatasu~stheusecivacclnes,asit is~that 
therewas adecreaseinthenumbet ofcases afte!-the 
\'3.Ccination programme started This reduction \\-as then 
maintained. 

page 453 
6 See 'Memory cells and immunity', page 447, and 

figure 11.3 on pa~ 445. 

7 Immunity is resistance to the onset of d~ after 
infection by harmful mkroorganisms Of internal parasites. 

page 454 
8 • Generate antibody-producing cells by immunizing a 

mow,eagainsttheantigen oflntereSI. 
Perform a blood test to determine the presence of the 
desired ~ntibody. 
RemO\-·e the spleen from the mouse and culture 
the B cells wirh myeloma (car1eer) cells that divide 
indefinitely. 
Allow the cells ro produce hybridoma cells in the 
cultureandthenelimlnate theBcell,wh.ichdidnoc 
fusewiththemyeloma cells. 
Allow each hybr!doma cell to divide, creatins a 
clonalculture,wherebyallcellsareclonesfromthe 
first one. 
Olec.k,afrersomeweelr::s,1ha1 theo:blredancibodyis 
prooucedbythe hybrldomaclooedcells. 
Clones that produce the desired antibody are mass 
culturedandfrotenlorfutureuse. 



page 460 
9 The exoskeleton is 1he external skeleton that supporu 

and procecu an animat ii is made of chilin In ln*Cts 
and deposits of calcium carbonate in shelled animals. 
An endoskeleton is an internal support structure ln 
animals, mch the skeleton in humans. 

A bone ls a rigid organ, made of dense connective tissue, 
that providessupporttoorgansandproducesb\oodcells 
and blood components. Cartilage is a flexible connective 
tissuethatcushionshonesatjoinis,inorder1oreduc:e 
friction between the endings of the bones. It isaho 
found In other parts in the body, such as the ouuide of 
the ear and inthelar}nx. 

H inge joints allow motion in one plane as the bones 
are aligned in one plane, whereas ball,and-so,:ket joints 
offerafree&:,mofmotionasthereisaball-shaped 
surface bone that moves inside the depression of another 
bone. Both joints are synoviaL 

A Hg;.i mcnt is a fibrOll'l connective tissue that connect.I 
bones to other bones, and also helps to support internal 
organs. A 1endon is also a fibrous connective tissue, but 
one that connects mru;cles to bones and transmits the 
mechanical force from muscles to bones, beins able ro 
withstaOOthetension. 

page 462 
10 a Muscle fibre: these are kmg, multi nucleated cells that 

formthebasic unitofamw;cle. 

b Myofibril:thesetubularstructuresarecontained 
by the mu.sdefibre. Theyarecomr.o,sedofactin 
and myosin proteins, organized imo thin aod 
thick filaments, and are responsible {Of the muscle 
contraction. 

c Myoon filament: this is a molOf protein that uses 
ATP for muscle contraction, generating a force 
in~eletalmu;;cleby meansofapc,,1-erstroke 
mechanism. 

page 466 
11 a Thls is a relaxed sarcomere. There is an M line, 

aOO thick (myosin) and thin {actin) filaments are 
visible ln the centre of the sarcomere. (The H ?one is 
vi5ible.) 

b This must show a shorter sarcomere, but with the 
same length of dark band (thick myosin). lne Z Ii~ 
from both sides must be closer than in the original 
pklure. 

12 A relaxed sarcomere typically has a length of about 
3.5µm. 

page 468 
13 Tobeanefficlen1surfacefortheah!orptionci 

ox}-gen gas, the surf.ice ci the lungs has to be mois1. 
Consequently, the process of gaseous exchange also 
results in continuous le,&<; of water vapour from the oody. 
See Figure 11.24,page467. 

page 469 
14 • Excretion is the process by which wasi:e products 

from metabolic activities ano lllO\W outside the oody 
(fOf e~mple, during urination), whereas egest ion 
is the di,charge of undigesred material during 
defecation. 
Oiimoregubtion is the regulation of the osmolic 
potential body fluids by controlling the amounu 
of water and of salts present in the bkxxl and 
tissuefluid.See'Step5:Waterreab.orptioninthe 
collectingducts',page 475. 
Secretionlstheproductionofusefulsubstaoces 
outsidethecellforaparticularfuncr ioninanorgan. 
For example, glaOO cells secrete hormones into the 
bloodsueam. 

page 471 
15 1ne IIOUrce of energy b- ultra filtration in the glomerulus 

isrei;pirationofheanmu;;clethat'fuels'cornractions 
of the nintricles and thus creates blood pre5,1ure in the 
glomerulus. 

page 472 
16 See 'Step 2: Selective reabsorption in the proximal 

comdutedtubule',page472. 

page 477 
17 ADH is released as part cl the osma:egulation 

mechanism when the le\~ cl wa!er in the oody is low. 
Thisi;ituationleadstoanincrea;;edurineconcentrotion, 
which in tum decreases water excretion. See Figure 11.34, 
page 478. 
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page 478 
18 Sameooncentrationoflxxhbloodcel\sandpl.asma 

proteins: same oc ah110ot the same concen1ration of 
glucooe; urea concentration will be different with 
JOmglOOml-1 ofureaintherenalarteryandalower 
amount of this waste product in the renal l'ein. See 
Tablell.7,page478. 

page 479 
19 This is due to the nature of the kidney as a highly 

vascular til;sue that contains endothelial cells with 
antigens belonging to the major histocornp:atibility 
complex or Ml-K: This can induce an immune re!iporu;e, 
leading to a critical rejection of the transplarued kidney. 
The MHC will be the same in identic;il twins. 

page 483 
20 The numbers of individuals of most populations remain 

lllOfeorlessconscantdespitethefactthatusuallymany 
lllOfe ',O.mg are produced than reach adulthood and 
survi1,e 10 breed themsel1"CS. 

page 485 
21 Structure:sandfunctioruofamaturespermcell: 

Tai\:lllOfility. 
Middle piece: contains many mitochondria to 
provide the required energy for the movement of 
the tail. 
Head: surrounded by the plasma membrane, 
containing a haploid nucleus. 
Acrosomal cap or acrosome (at the top of the head): 
contains enzymes for di~ing the rooa pellucida 
(jelly coot) intheoocyte. 

page 488 
22 Structures and functions of a mature secondary oocyte: 

Follicle cells: llOllrishand protect theoocyte. 
Zona pellucida (jelly coot): allows binding of 
spcrmcells,preventspolyspermla(severalspcrm 
haploid nuclei entering), also prevents premature 
implantation of the embryo (ectopic pregnancy). 
This is also the place where the polar body is found. 
Plasma membrane: contains the haplold nucleus 
and ronrnins microvilli to absorb nutrients from 
i:,llicularcells. 
O:irticalgranule5:duringfer1ili!31.ionpreniru 
pol}-spertnia 
Cytoplasm: place for merabolic reactions and where 
allorganellesarelocated. 
Nucleus: haploid nucleus with half of the genetic 
Information. 

23 FSH in males acts on the Sertol.i cells to stimulate 
.1perm production. In females, it stimulates the growth of 
01.ui:mi:illides. 

page 493 
24 The fetus is 'foreign' tissue to the mother (for example, 

they may not be of the same blooo group) and carries 
antigens foreign to her. Ensuring the separation 
ofthematernalandfetalblocxlsuppliesavoldsan 
immunologica l response of the mother against the 
presence of the embryonic tiS&le. Such a response cook! 
leadtotheendofpregnancy. 

25 It has finger-like projections (villi), providing 
a large surface area forexchangeofsubs1ances 
ben,:een the embryo's blood and the mother"s blood. 
It has spaces around the villi (lacuna) that contain 
maternal blood to pass nutrients and oxygen to the 
embryo'sblOOO. 

page 495 
26 The chief effect of HCXJ is to maintain the corpus 

luteum as an endrocrine gland, at least for 1he fine 
16 weeks of the pregnancy. The maintenance of 
the corpus luteum means that the endomeulum 
persisu, to the benefit of the implanted embryo, and 
mensuuation is preninted. (The premature demise 
ofthecorpusluteum,leadingtodegeneratlonofthe 
endometrlum during early pregnancy, is a possible 
cause of a miscarriage.) 

27 lnnega tivefeedback theeffectofadeviationfrom 
thenormal orsetcorulitionistocreateatendencyto 
eliminatethedeviation.Negativefeedback ls a part of 
almost all control systems in li1·ing things. The effect 
of negative feedback is to reduce fur1her corrective 
action of the control system once the set-point value 
is reached. 

lnposi live flledback theeffect ofadeviationfrom 
the normal or set c.ondition is to create a tendency to 
reinforcethedeliation.Positivefeedbackintensifiesthe 
correctiveactlontakenbyacontrolsystem,soleadtngto 
a vicious clrcle. Imagine a car in which the drlwr's seat 
was set on rollers (not secured to the floor), belng driven 
at speed The slighmt application of the foot brake 
causesthedr!1'Cftoslideandtopressharder on the 
brake as 1he car 5tarts to slow, with an extreme outcome. 

Biologicalexamplesofpositiwfeedbackarerare,but 
one c;in be Identified at the synapse. When a wa1,e 
of depolarization (a nen-e impulse) rakes effecl in the 
posi:..synapilc membrane, the entry of sodium Ions 
trif@.'Utheentryoffurthersodiumionsatagreaterrate. 
The depolarized state is established, and the Impulse 
moves along the post-synaptic membrane. 



Glossary 
• Entries primed in red are 18 command 1erms. 
• Entries are aideYmbnoir.-, rather than formal 

definitions. 

A 
abiot ic fac tor a noo-biological f.actor (e.g. tempemture) 

that Is pan of the environment of an organism 
abscisic ac id a plant growth substance tending to inhibit 

growth 
absorpt ion spectrum rangl' of a pigmen1's abillty to abMJrb 

varlouswavelength.soflight 
acetrlcholinea neurotrarumitter, liberated at synapses in 

theCNS 
acid rain che cocktail of chemical pollutants that may 

occurlntheatmosphere 
action potentfal rnpidchange (depolarlwtlon) in 

membrane po1ential of an excitable cell (e.g. a neuron) 
ac tion spect rum range of wavelengdu of light within 

which a procesi; like photmynthesis takes place 
ac li\'a tionenergyenergyrequiredbyasubstratemolecule 

befure lt can undergo a chemical change 
ac li\'e site region of enzyme molecule where substrate 

molecule binds 
ac rive transporf!TK)\'efllentofsubstancesacroua 

membrane involving a carrier protein and energy from 
respiration 

adeni ne a purine organic base, found in the coenzymes 
ATP and NADP, and in nucleic acids (DNA and RNA) 
lnwhlchitpairswiththymine 

adenosine diphosphate (ADP) a nucleotide, present in 
e\-ery liv ingcell, madeofadenosineand t11'0phosphate 
groups linked in i;eries, and important in energy transfe£ 
reoctlonsofmer.ibolism 

adenosioe lriphosphate (ATP) a nucleotide, present 
in every living cell, formed in phot05ynthesis and 
respiration from ADP and P1, and funclioning in 
metabollsm as a common intermediate between energy­
requlrlns and energy-yielding reactions 

adrena line (also c.11\ed epinephrine) a hormone secreted by 
the adrenal medulla (aOO a neurotransmitter secreted by 
nerve endings of the sympathetic nen"OUs system), having 
many effects, including speeding of heartbeat, and the 
breakcbwn ci glycogen to glucose in muscle and her 

aerobic respin lion re,piration requiring oxygen, invohing 
oxidation ci gluc05e to carbon dioxide and water 

a limen1ary canal the gut; a tube running from mouth 
to anus in \'ertebrates, where complex food substances 
are digested and the products of digestion selectively 
absorbed imo the body 

a lle\eanalternativeformofagene,occupyinsaspecific 
locus on a chromosome 

allele frequency t heoommorinessoftheoccurrenceof 
any particular allele in a population 

alpha cell (pancreas) glucagon-secretingcellofthe islets 
of Langerhansinthepancrem 

alveolusair saclnthe lung 
amino acid bol[dlngblockofproteins,ofgeneralformula 

R.CH(NH1).COOH 
amphipalhic having hydrophobic and hydrophi lic pans on 

the same molecule 
anabolism the building up of complex molecules from 

srnallerone:5 
anaerobic respira1ion respiration in the absence of oxygen, 

inmhing breakdown of s lucose to lactic acid or ethanol 
analogous s truc ture similar in structure but al different 

evolutionaryorlsin 
ana lyse break down in order to br ing out the essential 

elements or structure 
anion negatively charged ion 
annolate add brief notes 10 a d iagram or graph 
an1her par! ci1he stamen in f1010,ers, coruistingci pollen 

sacs encb;ed In walls that ewntually opli! open, 
releasing pollen 

antibiotics organic compound,; produced by some 
mkroorganismswhichselec1ivelyinhibi1orkillothet 
mkroorgan isms 

antibody a protein produced by blood plasma cells derived 
from B lymphocytes when in the presence of a specUk 
antigen, which then binds with the antigen, aiding its 
destruction 

antioodon three oonsecutl\·e ba.es in tRNA, 
complementary to a codori on RNA 

an1idiuretic hormone (ADH) OOr"mone secreted by the 
pituitary gland that controls the permeability of the 
waltsofthecollect!ngducuofthekidney 

antigen asubstancecapableofbindingspecificallytoan 
antibody 

apoplast collective nameforthecellwallsofatissueor 
plant 

aquaporin a water channel pore (protein) in a membrane 
aqueous humour fluid between lens and cornea oft he eye 
arteriole averysmallartery 
artificial classification classifying organisms on the basis 

offew,self-evidentfeature:i 
artificia l select ion selection inbreedingexercises,carried 

out deliberately, by humans 
asexua l reproduclionreproductionnotim-ol.vinggametes 

andfertili:ation 
as.simila1ion uptakeofnutrientsintocellsandtissue1 
a1herosclerosisclepositlonofplaque(chotesterol 

derivative)onlnnerwallofblocxl vessels 
atrioventricu lar node mass of tissue in the wall of the rlght 

atrium, functionally p11rt of the pacemaker mechanism 



522 G/os.sa 

atrioventricularvalvetricuspidorbicuspidvalve 
atrium (plural, atria) one of the two upper chambers of 

the mammalian four-chambered heart 
autolysisself-digestion 
autonomic the involuntary nervous system 
autotrophic (organism) self-feeding - able to make its own 

elaborated foods from simpler substances 
auxin plant growth substance, indoleacetic acid 
axon fibre carrying impulses away from the cell lxxly of a 

bacillus a rod-shaped bacterium 
bacteriophage a virus that parasitizes bacteria (abo known 

as a phage) 
baroreceptor a sensory receptor responding to stretch, in 

the walls of blood vessels 
basement membrane the thin fibrous layer separating an 

epithelium from underlying tissues 
beta cell (pancreas) insulin-secreting cells of the islets of 

Langerhans in the pancreas 
bicuspid valve vake between atrium and ventricle on the 

left side of the mammalian heart 
bile an alkaline secretion of liver cells which collects in 

the g-all blad:ler in humans, and which is discharged 
into the duOOenum periOOically 

binary fission when a cell divides into tl<U daughter cells, 
typicallyinreprOOuctionofprokaryotes 

binomial system double names for organisms, in Latin, 
the generic preceding the specific name 

bioinformaticsinterdisciplinaryscienceofstorage, 
retriev-al, organization and analysis of biologic-al data 

biomass total mass of living organisms in a given area 
(e.g.aquadrat) 

biome a major life-zone m·er an area of the Earth, 
characterized by the dominant plant life present 

bioremediation waste management techniques that 
imulve the use of organisms to neutralize pollutants at 
contaminated sites 

biospheretheinhabitedpartoftheEarth 
biotechnology the industrial and commercial applications 

of biology, particularly of microorg-anisms, enzymology 
and genetic engineering 

biotic factor the influence of living things on the 
environment of other living things 

bivalent a pair of duplicated chromosomes, held together 
bychiasm-ataduringmei05is 

blastocyst embryo as hollow ball of cells, at the stage of 
implantation 

blind spot region of the retina where the optic nerve leaves 
body mass index (BMI) body m-ass in kg/(height in m)l 
bone marrowtissuespecialconnectivetissuefillingthe 

cavity of certain bones 
boreal forest northern coniferous forests (example of a biome) 
brain the coordinating centre of the nervous system 
breed (animal) the -animal equivalent of a plant variety 

bronchiole small terminalbranchofabronchus 
bronchus a tube connecting the trachea with the lungs 
brush border tiny, finger-like projections (microvilli) on 

the surface of epithelial cells of the small intestine 
buffer a solution which minimizes change in pH when 

acidoralkaliareadded 
bundle of His bundles of long muscle fibres that transmit 

myogenic excitation throughout the ventricle walls 
C 
C} pathway the light-independent reaction in 

photosynthesis, producing as its first product a 3-carbon 
compound, glycerate 3-phosphate 

caku late obtain a numerical ansl'.>er showing the relevant 
stages in theworking(unless instructednot todoso) 

Calvin cycle a cycle of reactions in the stroma of the 
chloroplast by which some of the product of the dark 
reaction is reformed as the acceptor molecule for carbon 
dioxide(ribulosebiphosphate) 

carcinogen any substance or radiation directly involved in 
causing cancer 

cardiac cycle the stages of the heartbeat, by which the 
atrialandthentheventricularwallsalternatelycontract 
(systole) and relax (diastole) 

carnivore flesh-eating animal 
carrier an individual that has one copy of a recessive 

allelethatcausesageneticdisease in individuals that 
arehomozygousforthisallele 

carrier protein one of the types of protein in plasma 
membranes, responsible for active transport across the 
membranes 

cartilagefirmbutplasticskeletalmaterial(e.g.cartilage 
over bones at joints) 

Casparian strip band of cells with impervious walls, found 
in plant roots 

catabolism the breaking down of complex molecules in 
the biochemistry of cells 

catalyst a substance that alters the rate of a chemical 
reaction, but remains unchanged at the end 

cellular respiration controlled rele-ase (transfer) of energy 
from organic compounds in cells to form ATP 

cellulaseenzymecapableofhydrolysingcellulose 
cellulose an unbranched polymer of 2000- 3000 glucose 

residues, the major ingredient of most plant walls 
central dogma the idea that transfer of genetic 

information from DNA of the chromosome to mRNA 
toprotein(aminoacidsequence)isirreversible 

centromere constriction of the chromosome, the region 
that becomes attached to the spindle fibres in division 

centrosome organelle situated near the nucleus in animal 
cells, involved in the formation of the spindle prior to 

nuclear division 
cepha\ization development of a head at the anterior of -an 

animal 
cerebellum part of hindbrain, concerned with muscle 

tone, posture and movement 



cerebral cortexsuperftciallayerofgreymatteronextension 
of fore brain, much enlarged in humans and other apes 

cerebral hemispheres (cerebrum) the bulk of the human 
brain, formed during development by the outgrowth 
ofpartoftheforebrain,consistingofdenselypacked 
neuronsandmyelinatednervefibres 

chemio,;mosis moYement of ions down an electrochemical 
gradient , linkedtothegenerationofATP 

chemooutotroph an organism that uses energy from 
chemical reactions to generate ATP and prOOuce 
organic compounds from inorganic substances 

chemoheterotroph an organism that uses energy from 
chemical reactions to generate ATP and obtains organic 
compounds from other organisms 

chemoreceptor a sense organ receiving chemical stimuli 
chemo,;ynd1esis use of chemical energy from oxidation of 

inorganic compounds to synthesize organic compounds, 
typically from carbon dioxide and water 

ch &l sma (plural, chiasmata) site of crossing over (exchange) 
of segments of DNA between homologous chromosomes 

chlorophyll the main photosynthetic pigment of green 
plants, occurs in the grana membranes (thylakoid 
membranes)ofthechloroplasts 

chloroplast organelle that is the site of photosynthesis and 
contains chlorophyll 

cholesterol a lipid of animal plasma membranes; a 
precursor of the steroid hormones, in humans, formed in 
the liver and transported in the blood as lipoprotein 

choroid layer of blood vessels lying below the retina 
chromatid one of two copies of a chromosome after it has 

replicated 
chromatin a nuclear protein material in the nucleus of 

eukar)'Utic cells at interphase; forms into chromosomes 
during mitosis and meiosis 

chromo,;omevisibleinappropriatelystainedcel\sat 
nuclear division, each chromosome consists of a long 
thread of DNA packaged with protein; chromosomes 
replicate prior to division, into chromatids. Contents of 
nucleus appears as granular chromatin between divisions 

chyme partly digested food as it leaves the stomach 
cilium (plural, cili a) motile, hair-like outgrowth from 

surfaceofcertaineukaryoticcells 
citric acid cycleseeKrebscycle 
clade the branch of a phylogenetic tree containing the set of 

all organisms descended from a particular common ancestor 
which is not an ancestor of any non-member of the group 

cladistics method of classifying living organisms that 
makes use of lines of descent only (rather than 
phenotypicsimilarities) 

climax community the mature (stable) stage of a 
succession of communities 

clone a group of genetically identical individuals (or cells) 
CNSseen.erooussyJwn 
codominant alleles pairs of alleles that both affect the 

phenotype when present in a heteroz~w:,us state 
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codon three consecutive bases in DNA (or RNA) which 
specify an amino acid 

coleoptile protective sheath around emerging lea,·es of 
germinating grass seeds 

colon part of the gut, preceding the rectum 
colostrum first milk secreted by the mother, after birth of 

young 
commensalism a mutually beneficial association between 

twoorganismofdifferentspecies 
comment give a judgment based on a given statement or 

resultofacakulation 
community a group of populations of organisms living and 

interacting with each other in a habitat 
compare gh·e an account of similarities between two (or 

more) items or situations, referring to both (all) of them 
throughout 

compare and contrast give an account of similarities and 
differences between two (or more) items or situations, 
referring to both (all) of them throughout 

compensation point the point where respiration and 
photosynthesis are balanced 

condensation reaction formation of larger molecules 
involving the removal of water from smaller component 
molecules 

cone (retinal cell) a light-sensitive cell in the retina, 
responsible for colour vision 

conjugate protein protein combined with a non-protein part 
connective tissue tissues that support and bind tissues 

together 
conservation applying the principles of ecology to manage 

the environment 
contractile vacuole a small vesicle in the cytoplasm of 

many fresh water protozoa that expels excess water 
construct display information in a diagrammatic or 

logical form 
cornea transparent covering at the front of the eye 
corpus luteum glandular mass that develops from an 

ovarian follicle in mammals, after the ovum is discharged 
cotyledon the first leaf(leaves) ofa seed plant, found in 

the embryo 
covalent bond bond between atoms in which electrons are 

shared 
cristae folds in the inner membrane of mitochondria 
crossing over exchange of genetic material between 

homologous chromosomes during meiosis 
cr ypt of Lieberkiihn endocrine cells within the pancreas 
cuticle layer of waxy material on outer wall of epidermis 
cyanobacteria photosynthetic prokaryotes 
cytokinesis division of cytoplasm after nucleus has divided 

into two 
cytologystudyofcellstructure 
cytoplasm living part of the cell bound by the plasma 

membrane, excluding the nucleus 
cytowl what remains of cytoplasm when the organelles 

have been removed 
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data recorded products of observations and measurements 
qualitati.,edataobserv-ationsnot involving 

quantitative data precise observations involving 
measurements 

deamination the removal ofNH2 from an amino acid 
decomposer organisms (typically microorganisms) that 

feed on dead plant and animal material, call'ling matter 
to be recycled by other living things 

deduce reach a conclusion from the information given 
define givetheprecisemeaningofaword,phrase,concept 

or physical quantity 
degenerate code the triplet code contains more codons 

than there are amino acids to be cOOed, so most amino 
acids are coded for by more than one codon 

denaturationastructuralchangeinaptoteinthat results 
in a lo:;s (usually permanent) of its biological properties 

dendrite a finefibtousprocessonaneuronthatreceives 
impulses from other neurons 

depolarization (of axon) a temporary and local reversal of 
the resting potential difference of the membrane that 
occurs when an impulse is transmitted along the axon 

describe giwadetailedaccount 
desertification the con\'ersion of marginal cultivated land 

into desert, caused by climate change or by over-grazing 
or inferior cultivation 

design produce a plan, simulation or model 
determine obtain the only po:;sible answer 
detrital chain a food chain based on dead plant matter 
detritivore an organism that feeds on detritus (dead 

organic matter) 
dialysis separation of large and small molecules in 

solution by the inability of the former to pass through a 
selectively permeable membrane 

diaphragm a sheet of tissues, largely muscle, separating 
thorax from alxlomen in mammals 

dfastolerelaxationphase in the cardiac cycle 
dichotomous key one in which a group of organisms is 

progressively divided into two groups of smaller size 
dicotyledon class of Angiospermophyta having an embryo 

withtl'Useed leaves (cotyledons) 
diffusion passive movement of particles from a region of 

highconcentrationtoaregionoflowconcentration 
dihybrid cross one in which the inheritance of two 

pairsofcontrastingcharacters(controlledbygeneson 
separate chromosomes) is obser,·ed 

diploid condition organisms whose cells have nuclei 
containing tl'U sets of chromosomes 

disaccharide a sugar that is a condensation prOOuct of tl'U 
monosaccharides(e.g.maltose) 

discuss offer a considered and balanced review that 
includes a range of arguments, factors or hypotheses. 
Opinions or conclusions should be presented dearly and 
SU(1)0J:tedbyappropriateevidence 

distinguish make dear the differences between two or 
more concepts or items 

disulfide bond S----S bond between two S.-containing 
amino acid residues in a polypeptide or protein chain 

diuresisincreasedsecretionofurine 
division of labour the carrying out of specialized 

functions by different types of cell in a multicellular 
organism 

DNA a form of nucleic acid found in the nucleus, 
consisting of two complementary chains of 
deoxyribonudeotide subunits, and containing the bases 
adenine, thymine, guanine and cytosine 

dominant allele an allele that has the same effect on the 
phenotype whether it is present in the homoz~llOIJS or 
heterozygous state 

double bond a covalent bond involYing the sharing of tl'U 
pairsofelectrons(ratherthanone) 

double circulation in which the blood passes twice 
through the heart (pulmonary circulation, then systemic 
circulation) in any one complete circuit of the body 

double fertilization a feature of flowering plants in 
which two male nuclei enter the embryo sac, and one 
fuses with the egg cell and one with the endosperm 
nucleus 

draw represent by means of a labelled, accurate diagram 
or graph, using a pencil. A ruler (straight edge) 
should be used for straight lines. Diagrams should be 
drawn to scale. Graphs should have points correctly 
plotted (if appropriate) and joined in a straight line or 
smoothcun·e 

duodenum thefirstpartoftheintestineafterthestomach 
E 
ecology the study of relationships between li\'ing 

organisms and between organisms and their 
environment - a community and its abiotic 
environment 

ecosystem a natural unit of living (biotic) components 
and non-lh·ing (abiotic) components (e.g. temperate 
deciduous forest) 

edaphic fa ctor factorinfluencedbythesoil 
effector an organ or cell that responds to a stimulus by 

doing something (e.g. a muscle contracting, a gland 
secreting) 

egestion disposal of waste from the body (e.g. defecation) 
egg cell an alternative names for an ovum 
electron microscope (EM) microscope in which a beam of 

electrons replaces light, and the pc:w,ers of magnification 
and resolution are correspondingly much greater 

electron-transport system carriers that transfer electrons 
along a redox chain, permitting ATP to be synthesized 
in the process 

embolism a blood dot blocking a blood vessel 
embryo the earliest stages in development of a new animal 

or plant, from a fertilized ovum, entirely dependent on 
nutrientssuppliedbytheparent 



embryosacoccursintheovuleoffloweringplants, and 
contains the egg cell and endosperm nucleus 

emulsify to break fats and oils into very tiny droplets 
endemicspeciesrestrictedtoaparticularregion 
endergonic reaction metabolic reaction requiring energy 

input 
endocrine glands the hormone-producing glands that 

release secretions directly into the body fluids 
endocytosis uptake of fluid or tiny particles into vacuoles 

in the cytoplasm, carried out at the plasma membrane 
endopfosmic reticulum system of branching membranes in 

the cytoplasm of eukaryotic cells , existing as rough ER 
(with ribosomes) or as smooth ER (without ribosomes) 

endoskeleton aninternalskeletonsystem 
endosperm the stored food reserves within the seeds of 

flowering plants 
endothelium a single layer of cells lining blood vessels and 

other fluid-filled cavities 
endothermic generation of body heat metabolically 
enzyme mainly proteins (a very few are RNA) that 

function as biological catalysts 
epidemiology the study of the occurrence, distribution and 

control of disease 
epidermisouterlarer(s)ofcells 
epigenetiC'l study of heritable changes in gene activity not 

causedbychangesinONA 
epiglottisflapofcartilagethatclosesoffthetracheawhen 

food is swallowed 
epiphyte plant living on the surface of other plants 
epithelium sheet of cells bound strongly together, covering 

internal or external surfaces of multicellular organisms 
epitopepartofanantigenthat isrecognizedbythe 

immune system 
erythrocyte red blood cell 
estimateobtainanapproximatevalue 
estrous period of fertility (immediately after ovulation) 

duringtheestrouscycle 
estrous cycle reproductive qde in female mammal in the 

absence of pregnancy 
etiolation the condition of plants when grown in the dark 
eukaryotic (cells) cells with a 'good nucleus' (e.g. animal, 

plant, fungi and protoctista cells) 
evaluate make an appraisal by weighing up the strengths 

and limitations 
evolutioncumulativechangeintheheritable 

characteristics ofa population 
ex situ not in its original or natural po;;ition or habitat 
excretion removal from the body of the waste products of 

metabolic pathways 
exergonic reaction metabolic reaction releasing energy 
exocrine gland gland whose secretion is released via a duct 
exocytosis secretion of liquids and suspensions of very fine 

particlesacrossthemembraneofeukaryoticcells 
exo,;keleton skeletonsecretedexternaltotheepidermisof 

the body 
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exothermicchemicalreactionthatreleasesenergyasheat 
(an endothermic reaction requires heat energy) 

expiratory emitting air during breathing 
expla in give a detailed account including reasons 01 causes 
extensor muscle a muscle that extends or straightens 

a limb 
F 
F1 generation first filial generation - arises by crossing 

parents (P) and, when selfed or crossed via sibling 
crosses, produces the F2 generation 

facilitated diffusion diffusion across a membrane 
facilitated by molecules in the membrane (without the 
expenditure of metabolic energy) 

fermentation anaerobic breakdown of glucose, with end­
products ethanol and carbon dioxide or lactic acid 

fertilization the fusion of male and female gametes to 

form a zygote 
fetus a mammalian embr)U when it becomes recognizable 

(e.g. the human embryo from 7 weeks after fertilization) 
field layer the layer of herbaceous plants in a forest or 

wood 
filter-feeding feeding on tiny organisms which are strained 

from the surrounding medium 
fimbria (singular, fimbrium) thin, short filaments 

protrlKling from some bacteria, involved in attachment 
fla ccid state of a tissue with insufficient water, as in 

wilting leaves 
flagellum (plural, flagella) a long thin structure, occurring 

singly or in groups on some cells and tissues, and used 
topropelunicellularorganisms, andtomoveliquidspast 
anchoredcells(flagellaofprokaryotesandeukaT)otes 
areofdifferentintemalstructure) 

flexor muscle a muscle that on contraction bends a limb 
(orpartofalimb) 

flower dewlops from the tip of a shoot, with outer parts 
(e.g. sepals,petals)surroundingthemaleandfemale 
reproductive organs 

fluid mos.iic model the accepted view of the structure of 
the plasma membrane, comprising a phospholipid bilayer 
with proteins embedded but free to move about 

food chain a sequence of organisms within a habitat in 
which each is the food of the next, starting with a 
producer, which is photosynthetic 

food web interconnected food chains 
founder effect genetic differences that develop between 

an original breeding population and a small isolated 
interbreedinggroupoftheseorganisms 

fovea point on a retina of greatest acuity of vision 
free energy part of the potential chemical energy in 

moleculesthatisavailabletodousefulworkwhenthe 
molecules are broken 

freezeetchingpreparationofspecimensforelectron 
microscope examination by freezing, fracturing along 
natural structural lines and preparing a replica 

freq uency commonness of an occurrence 
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fruit forms from the ovary after fertilization, as the ovules 
develop into seeds 

functional group the chemically active part of a member 
ofaseriesoforganicmolecules 

fungus heterotrophic, non-motile, multicellular (usually) 
eukaq.utic organism with 'plant' lxxly - a m~lium of 
hyphae with cell walls of chitin; the fungi constitute a 
separate kingdom 

G 
gallbladdersacbesidetheliverthatstoresbile,presentin 

some mammals (e.g. humans) 
gametesexcell(e.g.ovum,sperm) 
ganglion part of a nervous system, consisting of nerYe cell 

lxxlies 
gaseous exchange exchange of respiratory gases (ox~'gen, 

carbon dioxide) between cells/organism and the 
environment 

gastric relatingtothestomach 
geneaheritablefactorthatcontrolsaspecific 

characteristic 
gene mutation change in the chemical structure 

(basesequence)ofageneresultinginchangeinthe 
characteristics of an organism or individual cell 

gene pool all the genes (and their alleles) present in a 
breedingp:,pulation 

gene probe an artificially prepared sequence of DNA made 
radioactive with 1•c, coding for a particular amino acid 
residue sequence 

gene therapy various mechanisms by which corrected 
copies of genes are introduced into a patient with a 
genetic disease 

generator potential localized depolarization of a 
membrane of a sensory cell 

genetic code the order of bases in DNA (of a 
chromosome) that determines the sequence of amino 
acids in a protein 

geneticcounsellinggeneticadvicetop:,tentialparentson 
the risks of having children with an inherited disease 

genetic engineering change to the genetic constitution of 
individuals or p:,pulatioru by artificial selection 

genome the whole of the genetic information of an 
organism 

genotype the genetic constitution of an organism - the 
alleles of an organism 

genus a group of similar and closely related species 
germination the resumption of growth by an embr)Onic 

plant in seed or fruit, at the expense of stored food 
gland cellsortissuesadaptedforsecretion 
global warming the hypothesis that the world climate 

is warming due to rising levels of atmospheric carbon 
dioxide, agreenhouseg-as 

glomerulus network of capillaries which are surrounded by 
the renal capsule 

glycocalyxlongcarbohydrate molecules attached to 
membrane proteins and membrane lipids 

glycogen a much-branched polymer of glucose, the storage 
carbohydrate of many animals 

glycogenesis the synthesis of glycogen from glucose (the 
reverse isglycogenolysis) 

glycolysis the first stage of tissue respiration in which 
glucose is broken down to pyruvic acid, without use 
of oxygen 

glycoprotein membrane protein with a gl~ocalyx attached 
glycosidic bond a type of chemical linkage between 

monosaccharide residues in polysaccharides 
goblet cell mucus-secreting cell of an epithelium 
Golgi apparatu s a stack of flattened membranes in the 

cytoplasm, thesiteofsynthesisofbiochemicals 
gonad an org-an in which g-ametes are formed 
gonadotrophic hormone follicle-stimulating hormone 

(FSH) and luteinizing hormone (LH), secreted by the 
anterior pituitary, which stimulate gonad function 

granum (plural, grana) stacked discs of membranes found 
within the chloroplast, containing the photosynthetic 
pigments, and the site of the light-dependent reaction of 
photosynthesis 

grey matter regions of the brain and spinal cord consisting 
largely of nerve cell bodies 

growd1 more or less irreversible increase in size and 
amount of dry matter 

gut the alimentary canal 
H 
habitat the locality or surroundings in which an organism 

normally lives or the location of a living organism 
halophyte a plant adapted to survive at abnormally high 

salt levels (e.g.seashoreorsaltmarshplant) 
haploid (cells) cells having one set of chromosomes, the 

basic set 
heart rate number of contractions of the heart per minute 
helicase an enzyme that unwinds the DNA double helix 
hemoglobin a conjugated protein, found in red cells, 

effective at carrying oxygen from regions of high partial 
pressure (e.g. lungs) to regions of low partial pressure of 
oxygen(e.g. respiring tissues) 

hepatic associated with the liver 
herb layer layer of herbaceous plants (mainly perennials) 

growing in woodland 
herbaceous non-woody 
herbicide pesticide toxic to plants 
herbivore an animal that feeds (holozoically) exclusively 

on plants 
hermaphrodite organism with both male and female 

reproductive systems 
heterotroph an organism incapable of synthesizing its own 

elaborated nutrients 
heterozygous having two different alleles of a gene 
hexose a monosaccharide containing six carbon atoms 

(e.g.glucose,fructose) 
hibernation passingtheunfavourableseason in a resting 

state of sleep 



histologythestudyofthestructureoftissues 
histone basic proteins (rich in the amino acids arginine 

and lysine) that form the scaffolding of chromosomes 
holozoic ingesting complex fcod material and digesting it 
homeostasis maintenance of a constant internal 

homeotherm organism that maintains a constant lxxly 
temperature 

homologous chromosomes chromosomes in a diploid 
cell which contain the same sequence of genes, but are 
derived from different parents 

homologous structures similar due to common ancestry 
homozygous having two identical al1eles of a gene 
hormone a substance, formed by an endocrine gland 

and transportedintheblcodalloverthelxxly, but 
triggering a specific physiological response in one type 
of organ or tissue 

host an organism in or on which a parasite spends all or 
partofitslifecycle 

humus complex organic matter, the end-product of the 
breakdown of the remains of plants and animals, which 
covers the mineral particles of soil 

hybrid an individual produced from a cross between two 
genetically unlike parents 

hybridoma anartificiallyproducedhybridcellculture, 
used to produce monoclonal antibodies 

hydrocarbon chain a linear arrangement of carbon atoms 
combined together and with hydrogen atoms, forming a 
hydrophobic tail to many large organic molecules 

hydrogen bond a weak bond caused by electrostatic 
attraction between a positively charged part of one 
molecule and a negatively charged part of another 

hydrolysis a reaction in which hydrogen and hydroxide 
ions from water are added to a large molecule causing it 
tosplitintosmallermolecules 

hydrophilic water loving 
hydrophobic water hating 
hydrophyteanlKJ.uaticplant 
hydrosereaplantsuccessionthatoriginatedfrom open 

water 
hydrostatic pressure mechanical pressure exerted on or by 

liquid (e.g. water) also known as pressure potential 
hyperglycemia excess glucose in the blcod 
hypertonic solution a more concentrated solution (one 

with a less negative water potential) than the cell 
solution 

hypha the tubular filament 'plant' lxxly of a fungus, which 
in certain species is divided by cross walls into either 
multicellular or unicellular compartments 

hypoglycemia very low levels of blcod glucose 
hypothalamus part of floor of the rear of the forebrain, a 

control centre for the autonomic nervO\l'l system, and 
source of releasing factors for pituitary hormones 

hypothesis a tentative (and testable) explanation of an 
observed phenomenon or event 
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hypotonic solution a less concentrated solution (one 
with a more negative water potential) than the cell 
solution 

identify provide an answer from a number of possibilities 
immunity resistance to the onset of a disease after 

infectionbythecausativeagent 
acfo·e immunity immunity due to the production of 
antilxxliesbytheorganismitselfafterthelxxly'sdefence 
mechanisms have been stimulated by antigens 
passh"e immunity immunity due to the acquisition 
of antilxxlies from another organism in which active 
immunity has been stimulated, including via the 
placenta, colostrum, or by injection of amilxxlies 

immunization (e.g. inoculation/vaccination) the injection 
of a specific antigen, derived from a pathogen, to confer 
immunity against a disease 

immunoglobin proteins synthesized by the B lymphocytes 
of the immune system 

immunology study of the immune system 
immunosuppressant a substance causing temporary 

suppression of the immune response 
implantation embedding of the blastocyst (developed from 

thefertilizedm'Um)intheuteruswall 
imprinting process occurring soon after birth, causing 

young birds to follow their mother 
impulseseeacrionpmemial 
in situ in the original place (in the body or organism) 
in tiitro biological processes occurring in cell extracts 

(literally'inglass') 
in tiirn biological process occurring in a living organism 

(literally'inlife') 
inbreeding when gametes of closely related individuals 

fuseleadingtoprogenythatishomozyg=forsomeor 
many alleles 

incubation period perkxl between infection by a causative 
agent and the appearance of the symptoms of a disease 

incus tiny, anvil-shaped bone, the middle ossicle of the 
middle ear in mammals 

industrial melanism increasing proportion of a 
darkened (melanic) form of an organism, in place of 
the light-coloured form, associated with industrial 
pollution by soot 

infectious disease disease capable of being transmitted 
from one organism to another 

inhibitor (enzyme) a substance which slows or blocks 
enzyme action (a competith·e inhibitor binds to the 
active site; a non-competitive inhibitor binds to another 
partoftheenzyme) 

inhibitory synapse synapse at which arrival of an impulse 
blocks forward transmissions of impulses in the post­
synaptic membrane 

innate behaviour behaviour that does not need to be 
learned 

innervation nerve supply 
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inspiratory capacity amount of air that can be drawn into L 
the lungs label add labels to a diagram 

intelligence the ability to learn by reasoning and to solve lactation secretion of milk in mammary glands 
problems not yet experienced leaching washing out of soluble ions and nutrients by 

interferon proteins formed by vertebrate cells in response water drainage through soil 
to virus infections learnt behaviour in animals, behaviour that is 

intermediates metabolites formed as components of a consistently mOOified as a result of experiences 
metabolic pathway leucocyte white blcod cell 

interphase the periOO between nuclear divisions when the lichens permanent, mutualistic associations between 
nucleus controls and directs the activity of the cell certain fungi and algae, forming organisms found 

interspecific competition competition between organisms encrusting walls, tree trunks and rocks 
of different species ligament strong fibrous cord or capsule of slightly elastic 

intestine the gut fibres, connecting movable bones 
intracellular enzymes enzymes operating inside the cell light-dependent step part of photosynthesis occurring in 
intra specific competition competition between organisms grana of the chloroplasts, in which water is split and 

of the same species ATP and NADPH2 are regenerated 
intron a non-coding nucleotide sequence of the DNA of light-independent step part of photosynthesis occurring 

chromosomes, present in eukaryotic chromosomes in the stroma of the chloroplasts and using the products 
invagination the intucking of a surface or wall of the light-dependent step to reduce carbon dioxide to 
ion charged particle formed by the transfer of electron(s) carbohydrate 

from one atom to another lignin complex chemical impregnating the cellulose of the 
ionic bonding strong electrostatic attraction between walls of xylem vessels, fibres and tracheids, imparting 

oppositely charged ions great strength and rigidity 
iris circular disc of tissue, in front of the lens of the eye, linkage group the genes carried on any one chromosome 

containing circular and radial muscles lipid diverse group of organic chemicals essential to living 
irreven;ible inhibition inhibition by inhibitors that bind things, insoluble in water but soluble in organic solvents 

tightly and permanently to an enzyme, destroying its such as ether and alcohol (e.g. lipid of the plasma 
catalytic properties membrane) 

islets of Langerhans groups of endocrine cells scattered lipoprotein a complex of lipid and protein of Vll.riOll'i types 
through the pancreas which are classified according to density (e.g. LDL, HDL) 

isomers chemical compounds of the same chemical list give a sequence of brief answers with no explanation 
formula but different structural formulae liver lobule polygonal block of liver cells, a functional unit 

isotonic being of the same osmotic concentration and within the liver structure 
therefore of the same water potential locus the particular po>ition on homologous chromosomes 

isotopes different forms of an element, chemically of a ge-ne 
identical but with slightly different physical properties, loop of Henle loop of mammalian kidney tubule, passing 
based on differences in atomic mass (due to different from cortex to medulla and back, important in the 
numbers of neutrons in the nucleus) process of concentration of urine 

joule theSlunitofenergy 
K 

lumen intemalspaceofatube(e.g.gut,artery)or 
sac-shaped structure 

lymph fluid derived from plasma of blood, bathing all tissue 
karyogram the chromosomes of an organism in homologous spaces and draining back into the lymphatic system 

pairs of decreasing length lymph node tiny glands in the lymphatic system, part of 
karyotype the number and type of chromosomes present the lxxly's defences against disease 

in an organism 
keratin a fibrous protein found in horn, hair, nails and the 

upper layer of skin 
keystone species species that have a key role in an 

lymphatic system net-..urk of fine capillaries throughout 
the lxxly of vertebrates, which drain lymph and return it 
to the blood circulation 

lymphocyte type of white blood cell 
ecosystem lysis breakdown,typicallyofcells 

kinesis random movements maintained by motile organisms lysosome membrane-bound vesicles, common in the 
until more favourable conditions are reached cytoplasm, containing digestive enzymes 

kinetic energy energy in movement 
kingdom the largest and most inclusive group in 

taxonomy 
Krebscyclepartoftissuerespiration 

M 
lllilcromolecule very large organic molecule - relative 

molecular mass lO CXXl+ (e.g. protein, nucleic acid or 
polysaccharide) 



macronutrientsionsrequiredinrelativelylargeamounts 
by organisms 

macrophage phagocytic cells of the immune system found 
throughout the lxxly 

Malpighian body glomerulus and renal capsule of 
mammalian nephron 

mandibles the lower jaw of vertebrates; in arthropods 
paired, biting mouthparts 

matrix ground substance of connective tissue, and the 
innermost part of a mitochondrion 

measureobtainavalueforaquantity 
mechanoreceptorsasensoryreceptorsensitiveto 

mechanical stimulus 
meiosis nuclear division with daughter cells containing 

half the number of chromosomes of the parent cell 
melanicpigmented 
menstrual cycle monthly cycle of ovulation and 

menstruation in human females 
meristem plant tissue capable of giving rise to new cells 

and tissues 
mesentery connective tissue holding lxxly organs (e.g. gut) 

in(X)5ition 
mesophyll parenchymacellscontainingchloroplasts 
mesosome an invagination of the plasma membrane of a 

bacterium 
metabolic pathway sequence of enzyme-catalysed 

biochemical reactions in cells and tissues 
metabolic water water released within the lxxly by 

oxidation, typically of dietary lipids 
metabolism integratednet\vorkofallthebiochemical 

reactions of life 
metabolite a chemical substance involved in metabolism 
metaphase stage in nuclear division (mitosis and meiosis) 

in which chromosomes become arranged at the equator 
of the spindle 

metastasis spread of cancer from one organ to another 
within the body 

methylation addition of a methyl group to a molecule by 
enzyme action 

microarray a collection of microscopic DNA spots 
attachedtoasolidsurface 

microhabitat the environment immediately surrounding 
anorganism,particularlyappliedtotinyorganisms 

micronutrient ionsrequiredinrelativelysmall(trace) 
amounts by organisms 

microtubule tiny, hollow protein tube in cytoplasm 
(e.g. a component of the spindle) 

microvillus one of many tiny in foldings of the plasma 
membrane, making up a brush border 

middle lamella a layer of pectins between the walls of 
adjacent cells 

mitochondrion (plural, mitochondria) organelle in eukary()(ic 
cells, site of Krebs cycle and the electron·transport pathway 

mito,;is nuclear division in which the daughter nuclei have 
the same number of chromosomes as the parent cell 

mitral vah•eleftatrioventricularvalve 
mode the most frequently occurring value in a 

distribution 
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monoclonal antibody amilxxly prOOoced by a single clone 
of B lymphocytes; it consists of a population of identical 
antibody molecules 

monocotyledon class of angiosperms having an embryo 
with a single cotyledon 

monohybrid cross a cross (breeding experiment) involving 
onepairofcorurastingcharactersexhibitedby 
homozygous parents 

monomer a molecule that chemically combines with other 
monomers to form a polymer 

monosaccharide simple carbohydrate (all are reducing sugars) 
morphology form and strocture of an organism 
motile capable of moving about 
motor area area of the brain where muscular activity is 

coordinated 
motor end plate the point of termination of an axon in a 

voluntary muscle fibre 
motor neuron nerve cell that carries impulses away from 

the central nervous system to an effector (e.g. muscle, 
gland) 

mRNA single.stranded ribonucleic acid formed by 
the process of transcription of the genetic code in 
the nucleus, that then moves to ribosomes in the 
cytoplasm 

MRSA a bacterial infection that is resistant to a number 
ofwidelyusedantibiotia 

mucilage mixture of various polysaccharides that become 
slippery when wet 

mucosa the inner lining of the gut 
mucus a watery solution of glycoprotein with protective 

and lubrication functions 
muscle spindle sensory receptor in muscle, responding to 

stretch stimuli 
mutagen an agent that causes mutation 
mutant organism with altered genetic material (abruptly 

altered by a mutation) 
mutation a change in the amount or the chemical 

structure (i.e. base sequence) of DNA of a chromosome 
mutual ism a case of symbiosis in which both organisms 

benefit from the association 
mycelium a mass or network of hyphae 
mycologythestudyoffungi 
mycorrhiza a mutualistic association between plant roots 

and fungi, with the mycelium restricted to the exterior 
of the root and its cells (ectotrophic), or involving a 
closer association between hyphae and root cell contents 
(endotrophic) 

myelin sheath an insulating sheath of axons of nerve 
fibres , formed by the wrapping around of Schwann cells 

myelinated nerve fibre nervefibreinsulatedbyalipid 
sheath formed from membranes of Schwann cells 

myocardial infarction heart attack 
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myofibril contractile protein filament from which muscle 
isCOm!X)Sed 

myogenic originating in heart muscle cells themselves, as 
ingenerationofthebasicheartbeat 

N 
natural classification organisms grouped by as many 

common features as possible, and therefore likely to 
reflect evolutionary relationships 

nectary group of cells secreting nectar (dilute sugar 
solution) in a flower 

nematocyst stinging cell of cnidarians (coelenterates) 
(e.g.Hydm) 

Neolithic revolution the period of human development 
imulving the first establishment of settled agriculture 
practices, and including the breeding and cultivation of 
cropplantsandherdanimals 

nephronthefunctionalunitofavertebratekidney 
nerve bundle of many nerve fibres (axons), connecting the 

central nervoussystemwithpartsofthelxxly 
nerve cord innon-wrtebrates,abundleofnervefibres 

and/or nerve ganglia running along the length of the 
body 

nervous system organized system of neurons which 
generate and conduct impulses 
autonomic nervous system (ANS) the involuntary 
nervous system 
central nervous system (CNS) in vertebrates, the brain 
and spinal cord 
parasympathetic nervous system part of the involuntary 
nervous system, antagonistic in effect ro the sympathetic 
nervous system 
peripheral nen·ous system (PNS) in vertebrates, 
neurons that convey sensory information to the CNS, 
and neurons that convey impulses to muscles and glands 
(effector organs) 
sympathetic nervous system part of the involuntary 
nervoussystem,antagonisticineffecttothe 
parasympathetic nervous system 

neuron nerve cell 
neurotransmitter substance chemical released at the 

pre-synapticmembraneofanaxon,onarrivalofan 
action potential, which transmits the action potential 
across the synapse 

neutrophil a type of white bkxxl cell 
niche both the habitat an organism occupies and the 

mode of nutrition employed 
node of Ran.,ier junction in the myelin sheaths around a 

m~·elinatednervefibre 
noradrenaline (also called norepinephrine) neurotransmitter 

substance in the sympathetic nervous system 
nuclear di.,ision first step in the division of a cell, when 

the contents of the nucleus are sulxlivided by mitosis or 
meiosis 

nuclear membrane double membrane surrounding the 
eukaq.uticnucleus 

nuclear pores organized gaps in the nuclear membrane, 
exit points for mRNA 

nucleic acid polynucleotide chain of one of two types, 
deoxyribonucleic acid (DNA) or ribonucleic acid (RNA) 

nucleolus compact region of nucleus where RNA is 
synthesized 

nucleosideorganic base(adenine,guanine,cytosine, 
thymine) combined with a pentose sugar (ribose or 
deoxyribose) 

nucleosome a sequence of DNA 'M)\Jnd around eight 
histoneproteincores - arepeatingunitofeukaryotic 
chromatin 

nucleotide phosphate ester of a nucleoside - an organic 
base combined with pentose sugar and phosphate (P1) 

nucleuslargestorganelleofeukaryoticcells;controlsand 
directstheactivityofthecell 

nutrient a chemical substance found in foods that is used 
in the human body - any substance used or required by 
anorganismasf<XXl 

nutrition the process by which an organism acquires the 
matter and energy it requires from its environment 

0 
obesity condition of being seriously over-weight 

(BMlof30-+) 
olfactory relating to the sense of smell 
omnivore an animal that eats both plant and animal 

food 
oncogene a cancer·initiating gene 
oocyteafemalesexcellintheprocessofameiotic 

divisiontobecomeanovum 
oogamy union of unlike gametes (e.g. large ovum and tiny 

sperm) 
open reading frame (ORP) in molecular genetics - part of 

a reading frame that contains no 'stop' cOOons 
opsonin type ofantilxxly that attacks bacteria and viruses, 

facilitating their ingestionbyphagocyticcells 
orderagroupofrelatedfamilies 
organ a part of an organism, consisting of a collection 

of tissues, having a definite form and structure, and 
performing one or more specialized functions 

organelle a unit of cell substructure 
organic compounds of carbon (except carbon dioxide and 

carbonates) 
organism a living thing 
osmolaritytheosmoticconcentrationofasolution 
osmoreceptorsensecellsororganstimulatedbychanges 

in water potential 
osmoregulation control of the water balance of the bl<XXl, 

tissue or cytoplasm of a living organism 
osmosis diffusion of free water molecules from a 

region where they are more concentrated (low 
solute concentration) to a region where they are less 
concentrated (highsoluteconcentration)acrossa 
partially permeable membrane 

outline give a brief account or summary 



ovarian cyclethemonthlychangesthatoccurtoovarian 
follicles leading to ovulation and the formation of a 
corpusluteum 

ovarian follicle spherical structures found in the 
mammalian ovary, containing a de-·eloping ovum with 
liquid surrounded by numerous follicle cells, and from 
which a secondary oocyte is released at ovulation 

ovary female reproductive organ in which the female 
gametes are formed 

ovulation shedding of ova from the ovary 
ovule in the flowering plant flower, the structure in an 

ovarywhich,afterfertilization,growsintotheseed 
ovum(plural,ova)afemalegamete 
oxygendissociationcurveagraphof % saturation 

(with oxygen) of hemoglobin against concentration of 
available oxygen 

oxynticcellscellsinthegastricglandsthatsecrete 
hydrochloric acid 

p 
pacemakerstructurethatistheoriginofthemyogenic 

heartbeat, known as the sinoatrial m:xle 
Pacinfan corpuscles sensory receptors in joints 
pancreasanexocrineglanddischargingpancreaticjuice 

into the ducxlenum, combined with endocrine glands 
(isletsofl.angerhans) 

parasite an organism that lives on or in another organism 
(its host) for most of its lifecycle, deriving nutrients from 
its host 

parenchyma living cells, forming the greater part of cortex 
and pith in primary plant growth 

partial pressure the pressure exerted by each component 
of a gas mixture, proportional to how much of the gas is 
present in the mixture; the partial pressure of oxygen in 
air is represented by the symbol pC)z and is expressed in 
kilopascals (kPa) 

pathogen an organism or virus that causes a disease 
pentadactyl having all four limbs (typically) terminating 

in five digits 
pentose a 5-carbon monosaccharide sugar 
peptideachainofuptoZOaminoacidresidues,linkedby 

peptide linkages 
peptide linkage a covalent bonding of the amino group of 

one amino acid to the carboxyl group of another (with 
the loss of a molecule of water) 

perception the mental interpretation of sense data 
(i.e. occurring in the brain) 

pericardium a tough membrane surrounding and 
containing the heart 

peristalsis wave of muscular contractions passing down 
the gut wall 

pesticide a chemical that isusedtokillpests 
petal mcxlified leaf, often brightly coloured, found in 

flowers 
phagocyticcellscellsthat ingestbacteria,etc. (e.g.certain 

leucocytes,Amocba) 
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phenotypethecharacteristicsorappearance(structural, 
biochemical,etc.)ofanorganism 

pheromone volatile chemical signal released into the air 
phloem tissue that conducts elaborated fcod in plant stems 
phosphate (P1) phosphate ions, as involved in metabolism 
phospholipid formed from a triacylgl~erol in which one of 

the fatty acid groups is replaced by an ionized phosphate 
group 

photoautotroph an organism that uses light energy to 
generate ATP and to produce organic compounds from 
inorganic substances 

photoheterotroph an organism that uses light energy to 
generate ATP and obtains organic compounds from 
other organisms 

photomorphogenesis effects on plant growth of light 
photoperiodism day-length control of flowering in plants 
photophosphorylation the formation of ATP, using light 

energy (in the light-dependent step of photosynthesis in 
thegrana) 

photosynthesis the production of sugar from carbon 
dioxide and water, occurring in chloroplasts and using 
light energy, and producing oxygen as a waste product 

phototropism a tropic response of plants to light 
phylogenetic classification a classification based on 

evolutionary relationships (rather than on appearances) 
phylum a group of organisms constructed on a similar 

general plan, usually thought to be evolutionarily related 
physiology the study of the functioning of organisms 
phytoplankton photosynthetic plankton, including 

unicellularalgaeandcyanobacteria 
pinocytosisuptakeofa droplet of liquid into a cell 

involving invagination of the plasma membrane 
pituitary gland the master endocrine gland, attached to 

theundersideofthebrain 
placenta maternal and feta] tissue in the wall of the 

uterus, site of all exchanges of metabolites and waste 
products between fetal and maternal bkxxl systems 

plankton very small, aquatic (marine or fresh water) plants 
and animals, many of them unicellular, that live at or 
near the water's surface 

plant growth substance substances produced by plants in 
relatively small amounts, that interact to control growth 
and development 

plasma the liquid part of blood 
plasma membrane the membrane of lipid and protein that 

formsthesurfaceofcells(constructedasafluidmosaic 
membrane) 

plasmid small circular DNA that is independent of the 
chromosome in bacteria (R plasmids contain genes for 
resistance to antibiotics) 

plasmolysis withdrawal of water from a plant cell by 
osmosis (incipient plasmolysis is established when about 
SO'lb of cells show some shrinkage of cytoplasm away 
from the walls) 

plastid an organelle containing pigments (e.g. chloroplast) 
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platelets tiny cell fragments that lack a nucleus, found in 
the bkxxl and invoh·ed in the blood dotting mechanism 

pleural membrane lines lungs and thorax cavity and 
contains the pleural fluid 

pneumocyte epithelial cell type lining the air spaces of 
the lungs 

polarize the setting up of an electrical potential difference 
across a membrane 

pofarized light light in which rays vibrate in one plane only 
pollen microspore produced in anthers (and male cones), 

containing male gamete(s) 
pollen tube grows out of a pollen grain attached to a stigma, 

and down through the style tissue to the embr)O sac 
polygenic inheritance inheritance of phenotypic characters 

(suchasheight,eyecolourinhumans)thataredetermined 
bythecollectiveeffectsofseveraldifferentgenes 

polymer large organic molecules made up of repeating 
subunits (monomers) 

polymerase chain reaction a technology in molecular 
biology used to amplify a single or very few pieces of 
DNA, generating many thousands of copies 

polynucleotide a long, unbranched chain of nucleotides, 
as found in DNA and RNA 

polypeptideachainofaminoacidresidueslinkedby 
peptide linkages 

polyploidy having more than two sets of chromosomes 
per cell 

polysaccharides very high molecular mass carbohydrates, 
formed by condensation of nist numbers of 
monosaccharide units, with the removal of water 

polysome an aggregation of ribosomes along a molecule of 
mRNAstrand 

population a group of organisms of the same species which 
live in the same area (habitat) at the same time 

portal ,·ein vein beginning and ending in a capillary 
network (rather than at the heart) 

post-synaptic neuron neuron 'downstream' of a synapse 
potential difference separation of electrical charge within 

oracrossastructure(e.g.amembrane) 
potential energy stored energy 
predator an organism that catches and kills other animals 

to eat 
predictgh·eanexpectedresult 
pre-synaptic membrane membrane of the tip of an axon 

atthepointofthesynapse 
pre-synaptic neuron neuron 'upstream' of a synapse 
prey-predator relationship the inter-relationship of 

population sizes due to predation of one species 
(the predator) on another (the prey) 

probe a defined, labelled fragment of DNA or RNA used 
to identify corresponding sequences in nucleic acids 

proboscis a projection from the head, used for feeding 
produceranautotrophicorganism 
productivity the amount of biomass fixed by producers 

(photosynthetically) 

grossproductivitytotalamountoforganicmatter 
produced 
net productivity the organic matter of organisms less 
theamountneededtofuel respiration 

prokaryote tiny unicellular organism without a true 
nucleus; they have a ring of RNA or DNA as a 
chromosome (e.g. bacteria and cyanobacteria) 

promoter region a region of DNA that initiates 
transcriptionofaparticulargene 

prophase first stage in nuclear division, mitotic or meiotic 
proprioceptoraninternalsensoryreceptor 
prostheticgroupanon-proteinsubstance, bound to a 

protein as part of an enzyme, often forming part of the 
active site, and able to bind to other proteins 

protein a long sequence of amino acid residues combined 
together (primary structure), and taking up a particular 
shape (secondary and tertiary structure) 

proteome the entire .set of proteins expressed by a genome 
Protoctista kingdom of the eukaryotes consisting of 

single-celled organisms and multicellular organisms 
related to them (e.g.protozoaandalgae) 

protoplast thelivingcontentsofaplantcell,containedby 
the cell wall 

protozoan a single-celled animal-like organism, belonging 
to a sub-kin~om, the Protozoa, of the kingdom 
Protoctista 

pseudopodium a tem!X)f3.ry extension of the lxxly of an 
amoeboid cell, by which movement or feeding may occur 

pulmonary circulation the circulation to the lungs in 
vertebrateshavingadoublecirculation 

pulmonary ventilation rate breathing rate 
pulseawaveofincreasedpressure in the arterial 

circulation, generated by the heartbeat 
pumps proteins in plasma membranes that use energy 

directlytocarrysubstancesacross(primarypump)or 
work indirectly from metabolic energy (secondary pump) 

pupil central aperture in the eye through which light 
enters 

pure breeding homozygous, atleastforthegene(s) 
specified 

Purkinje fibres fibres of the bundle of His that conduct 
impulses between the atria and ventricles of the heart 

pyloric sphincter circular muscle at the opening of the 
stomach to the duodenum 

pyruvic acid a 3-carbon organic acid, CH3.C0.CCX)H; 
productofglycolysis 

Q 
quadrat a sampling area enclosed within a frame 
R 
radical a short-lived, intermediate product of a reaction, 

formed when a covalent bond breaks, with one of the 
two bonding electrons going to each atom 

radioactive dating using the proportions of different 
isotopes in fossilized biological material to estimate 
when the original organism was alive 



reaction centres protein-pigment complexes in the grana 
of chloroplasts, sites of the photochemical reactions of 
photosynthesis 

receptor a cell which responds to stimuli 
recessh'ealleleanallelethathasaneffectonthe 

phenotype only when present in the homozygous state 
reciprocal cross a cross between the same pair of 

genotypes in which the sources of the gametes (male 
and female) arerewrsed 

recombinant a chromosome (or cell or organism) in which 
thegeneticinformationhasbeenrearranged 

recombinant DNA DNA which has been artificially 
changed, involving joining together genes from different 
sources,typicallyfromdifferentspecies 

recyclingofnutrientstheprocessbywhichmaterialsfrom 
dead organisms are broken down and made a,.iilable for 
re-use in the biosphere 

redox reaction reaction in which reduction and oxidation 
happen simultaneously 

reducth'e division meiosis, in which the chromosome 
numberofadiploidcell is halved 

reflex a rapid unconscious response 
reflex action a response automatically elicited by a 

stimulus 
reflexarcafunctionalunitinthenervOll'lsystem, 

consisting of sensory receptor, sensory neuron, (possibly 
relay neurons), motor neuron and effector (e.g. muscle or 
gland) 

refractory period the period after excitation of a neuron, 
when a repetition of the stimulus fails to induce the 
same response, divided into periods known as absolute 
and relati\"e 

relative atomic mass the ratio of the mass of an atom of 
an element to the mass of a carbon atom 

renal capsule the cup-shaped closed end of a nephron 
which, with the glomerulus, constitutes a Malpighian 
body 

rene".ibleenergyenergythatcomesfromexploiting 
wave power, wind p<r,,,er, tidal power, solar energy, 
hydroelectric power or biological sources such as 
biomass 

replication duplication of DNA by making a copy of an 
existing molecule 
semi-conservative replication eoch strand of an existing 
DNA double helix acts as the template for the synthesis 
ofa new strand 

reproduction formation of new individual by sexual or 
asexual means 

respiration the cellular process by which sugars and other 
substances are broken down to release chemical energy 
for other cellular processes 

respiratory centre region of the medulla of the brain 
concerned with the involuntary control of breathing 

respiratory pigment substance such as hemoglobin, which 
associates with oxygen 
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respiratory quotient ratio of the volume of carbon dioxide 
produced to the oxygen used in respiration 

respiratory surface a surface adapted forgaseOll'l 
exchange 

respirometer apparatus for the measurement of respiratory 
gaseous exchange 

response the outcome when a stimulus is detected by a 
receptor 

resting potential the i:otential difference across the 
membrane of a neuron when it is not being stimulated 
(rei:olarized) 

restriction enzymes enzymes, also known as 
endonucleases, that cut lengths of nucleic acid at 
specificsequencesofbases 

retina the light-sensitive layer at the back of the eye 
retroviruses viruses which, on arrival in a host cell, have 

their own RNA copied into DNA which then attaches 
to the host DNA for a period 

ribonucleic add (RNA) a form of nucleic acid containing 
the pentose sugar ribose, found in nucleus and 
cytoplasm of eukaryotic cells (and commonly the only 
nucleic acid of prokar)'Utes), and containing the organic 
bases adenine, guanine, uracil and cytosine 

ribosome non-membranous organelle, site of protein 
synthesis 

ribulose bisphosphate (RuBisCo) the 5-carbon acceptor 
molecule for carbon dioxide, in the light-independent 
step of photosynthesis 

rod cell one of two types of light-sensitive cell in the 
retina, resi:onsible for non-colour vision 

roughageindigestiblematter(suchascellulosefibres) in 
our diet 

s 
saliva secretion produced by saliv-aryglands 
salta tory conduction impulse conduction 'in jumps', 

between nodes of Ranvier 
saprotroph organism that feeds on dead organic matter 

(saprotrophicnutrition) 
sarcolemma membranous sheath around a muscle fibre 
sarcomereaunitofaskeletal(voluntary)musclefibre, 

betweentwoZ-discs 
sarcoplasm cytoplasm around the m)Ufibril of a muscle fibre 
sarcoplasmic reticulum network of membranes around the 

myofibrilsofamusclefibre 
saturated fat fat with a fully hydrogenated carbon 

backbone (i.e. no double bonds present) 
Schwann cell cell which forms the sheath around nerve 

fibres 
scleratheopaque,fibrouscoatoftheeyeball 
secondarysexualcharacteristicsexualcharacteristic 

that de,·elops under the influence of sex hormones 
(androgensandestrogens) 

secondary succession a plant succession on soil already 
formed, from which the community had been abruptly 
removed 



534 Glossa 

secretion material produced and released from glandular 
cells 

sedentary organism living attached to the substratum 
(e.g. rock or other surface) 

seed formed from a fertiliied ovule, containing an 
embr)Unicplantandfoodstore 

segmentation body plan built on a repeating series of 
similarsegments(e.g. as in annelids) 

selection differential survivability or reprOOuctive potential 
of different organisms of a breeding population 

self-pollination transfer of ix>llen from the anther to the 
stigma of the same plant (normally the same flower) 

selfingself-pollinationor self-fertilization 
semilunar vah·e half-moon shaped valves, preventing 

backflowinatube (e.g.a vein) 
seminiferous tubule elongated tubes in the testes, the site 

of sperm production 
sense organ an organ of cells sensitive to external stimuli 
sensoryareaanareaofthecerebralcortexofthebrain 

receiving impulses from the sense organs of the body 
sensory neuron nerve cell carrying impulses from a sense 

organorreceptortothecentralnervoussystem 
sensory receptor a cell specialized to respond to 

stimulation by the prOOuction of an action potential 
(impulse) 

sepaltheprotectiveouter=tpartsofaflower,usual\y 
green 

seralstage/serestagesinaseralsuccession, the whole 
succession being known as a sere 

sex chromosome a chromosome which determines sex 
rather than other body (soma) characteristics 

sex linkage genes carried on only one of the sex 
chromosomes and which therefore show a different 
pattern of inheritance in crosses where the male 
carries the gene from those where the female carries 
the gene 

sexual reproduction involves the prOOuction and fusion of 
gametes 

shrub layer the low-level (below trees) woody perennials 
growing in a forest or wood, normally most numerous in 
clearings (e.g. where a full-grown tree has died) 

sibling offspring of the same parent 
sievetubeaphloemelement,accompaniedbya 

companion cell, and having perforated end walls 
known as sieve plates 

simple sugar monosaccharide sugar such as a triose sugar 
(JC), pentose sugar (SC) or hexose sugar (6C) 

single access key contrasting or mutually exclusive 
characteristics are used to divide the group of organisms 
intoprogressivelysmal\ergroupingsuntil individual 
organisms(species)canbeidentified 

sinoatrfal node cells in the wall of the right atrium in 
which the heartbeat is initiated, also known as the 
pacemaker 

sinusacavityorspace 

sketch represent by means of a diagram or graph (labelled 
as appropriate). The sketch should give a general idea of 
the required shape or relationship, and should include 
relevant features 

solar energy electromagnetic radiation derived from the 
fusion of hydrogen atoms of the Sun, reaching Earth 
from space 

somatic cell (soma) body cell - not a cell prOOucing 
gametes(sexcell) 

specialization adaptation for a particular mOOe of life or 
function 

speciationtheevolutionofnewspecies 
speciesagroupofindividualsofcommonancestrythat 

closely resemble each other and that are normally 
capable of interbreeding to produce fertile offspring 

spermatogonia male germ cells (stem cells) which make up 
the inner layer of the lining of the seminiferous tubules, 
andgiverisetospermatocytes 

spermocyte cell formed in seminiferous tubules of testes; 
develops into sperm 

sperms motile male gametes of animals 
spindlestructureformedfrommicrotubules,associated 

with the mO\·ements of chromosomes in mitosis and 
meiosis 

spiracle hole in the side of an insect (thorax and 
abdomen) by which the tracheal respiratory system 
connects with the atmosphere 

spiral vesselprotoxylemvessel with spirally arranged 
lignin thickening in lateral walls 

spirometer apparatus for measurements of lung capaciry 
and breathing rates 

sporeasmall,usuallyunicellularreproductivestructure 
from which a new organism arises 

stamen male reproductive organ of the flower, consisting 
of filament and anther, containing ix>llen sacs where 
pollenisformedandreleased 

standingcropthebiomassofaparticularareaunderstudy 
stategiveaspecificname, ,.ilueorotherbriefanswer 

without explanation or calculation 
stem cell undifferentiated cell in embr)U or adult that can 

undergo unlimited division and can give rise to one of 
many different cell types 

steroid organic molecule formed from a complex ring of 
carbon atoms, of which cholesterol is a typical example 

stigmapartofthecarpelreceptivetopollen 
stimu !us a change in the environment (internal or 

external) thatisdetectedbyareceptorandleadstoa 
response 

stoma(plural,stomata)poreintheepidermisofaleaf, 
surrounded by two guard cells 

stretchreceptorsensoryreceptorinmuscles 
stroke volume volume of blood pumped out by the heart 

per minute 
stroma colourless fluid contents of the chloroplast, site of 

the light-independent reaction in photosynthesis 



style found in the female part of the flower (carpel), 
linking stigma to ovary 

substrateamoleculethatisthestartingpointfora 
biochemical reaction and that forms a complex with a 
specific enzyme 

subthreshold stimulus a stimulus not strong enough to 

trigger an action potential 
succession the sequences of different communities 

developing in a given habitat over a period of time 
sugars compounds of a general formula C.(H20),, where x 

is approximately equal toy, and containing an aldehyde 
or a ketone group 

suggest propose a solution, hypothesis or other possible 

summation combined effect of many nerve impulses 
spatial summation many impulses arriving from 
different axons 
temporal summation many impulses arriving via a 
single axon 

surfactant compound that lowers the surface tension 
between liquids and a solid 

suspensory ligament attaches lens to ciliary body in the 
ver tebrate eye 

symbiosisliterally'livingtogether';coveringparasitism, 
commensalism and mutualism 

symplast the pathway (e.g. of water) through the living 
contents of cells 

synapse the connection between two nerve cells; 
functionallyatinygap,thesynapticdeft,traversedby 
transmitter substances 

synaptic knob the terminal swelling of a pre-synaptic 

synergism actingtogetherandproducinga larger effect 
than when acting separately 

synovial fluid secreted by the synovial membrane at 
joints,havinglubricatingrole 

systematics the study of the diversity of living things 
systemic circulation the blood circulation to the lxxly 

(not the pulmonary circulation) 
systemic pesticidepesticidethatisabsorbedandcarried 

throughout the lxxly 
systole contraction phases in the cardiac cycle 
T 
target organ organ on which a hormone acts (although 

broadcast to all organs) 
t aste bud senseorganfoundchieflyontheuppersurface 

of the tongue 
t axis response by a motile organism (or gamete) where the 

direction of the response is determined by the direction 
of the stimulus 

t axon adassificatorygrouping 
t axonomy the science of classification 
telophase a phase in nuclear division, when the daughter 

nuclei form 
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template (DNA) the DNA of the chromosome, copied to 

makemRNA 
tendon fibrous connective tissue connecting a muscle 

to bone 
terminal bud budattheapexofthestem 
test cross testing a suspected heteroz~1:0te by crossing it 

with a known homozygous rece,sive 
testaseedcoat 
testismalereproductivegland,producingsperms 
testosterone a steroid hormone, the main sex hormone of 

male mammals 
drermogenesis generation of heat by metabolism 
d10rax in mammals, the upper part of the lxxly separated 

from the abdomen; in insects, the region between head 
and abdomen 

threshold of stimulation the level of stimulation required 
to trigger an action potential (impulse) 

thrombosis blood dot formation, leading to blockage of a 
blood vessel 

d1ylakoid membrane system of chloroplast 
d1yroid gland an endocrine gland found in the neck of 

vertebrates, site of production of thyroxin and other 
hormones influencing the rate of metabolism 

tidal volume volume of air normally exchanged in 
breathing 

tight junction point where plasma membranes of adjacent 
cells are sealed together 

tissue collection of cells of similar structure and function 
tissue fluid the liquid bathing cells, formed from blood 

minus cells and plasma proteins 
tonoplast membrane around the plant cell ,.icuole 
total lungcapacityvolumeofairinthelungsafter 

maximum inhalation 
toxic poisonous 
toxin poison 
toxoid inactivated poison 
trachea windpipe 
traclreal system system of tubes by which air is passed to 

tissues in insects 
tracheole branch of the trachea in insects 
trait atendencyorcharacteristic 
transcription when the DNA sequence of bases is 

converted into mRNA 
transcription factor a protein that binds to specific DNA 

sequences to control the transcription of mRNA 
transect arbitrary line through a habitat, selected to 

sample the community 
transfer RNA (tRNA) short lengths of specific RNA 

that combine with specific amino acids prior to protein 
synthesis 

translation the information of mRNA is decoded into 
protein (amino acid sequence) 

translocation transport of elaborated food via the 
phloem 
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transmittersubstancessubstancesreleasedinto 
the synaptic deft on arrival of an impulse at the 
pre-synaptic membrane to conduct the signal across 
the synapse 

transpiration loss of water vapour from the aerial parts of 
plants(leavesandstem) 

tricarboxylic acid (TCA) cycle the stage in tissue 
respiration in which pyrm"ate is broken down to carbon 
dioxide, and hydrogen is removed for subsequent 
oxidation 

tricuspid valve right atrioventricular \"ah·e 
triglyceride fatty acid ester of the 3-carbon alcohol, 

glycerol - forms into globules because of its hydrophobic 
properties 

triose a 3-carbon monosaccharide 
tripeptide a peptide of three amino acid residues 
trophic level a level in a food chain defined by the 

method of obtaining food and in which all organisms 
are the same number of energy transfers away from the 
original source of the energy (photosynthesis) 

tropism a growth response of plants in which the 
direction of growth is determined by the direction of the 
stimulus 

tumour abnormal proliferation of cells, either benign 
(ifself-limiting)ormalignant (if invasive) 

turgid having high internal pressure 
u 
ultrafiltration occurs through the tiny pores in the 

capillariesoftheglomerulll'i 
ultrastructure fine structure of cells, determined by 

electron microscopy 
unisexualofoneorothersex 
unsaturated fat lipid with double bond(s) in the 

hydrocarbon chain 
urea NH2CONH2, formed from amino groups deaminated 

from excess amino acid 
uretertubefromkidneytobladder 
urethra tubefrombladdertoexterior 
uric acid an insoluble purine, formed from the breakdown 

of nucleic acids and proteins 
urine an excretory fluid produced by the kidneys, consisting 

largelyofadilutesolutionofurea 
uterine cycle qde of changes to the wall of the uterus 

(approximately28days) 
uterus the organ in which the embryo develops in female 

mammals 

vaccination conferring immunity from a disease by 
injecting an antigen (of attenuated microorganisms 
or inactivated component) so that the body acquires 
antibodies prior to potential infection 

,"acuolefluid-filledspaceinthecytoplasm,especiallylarge 
and permanent in plant cells 

,.igus nerve 10th cranial nerve; supplies many internal 
organs, including the heart 

variety a taxonomic group below the species level 
vasa recta capillary loop supplying the loop of Henle 
vascular bundle strands of xylem and phloem (often with 

fibres) separated by cambium; the site of water and 
elaborated food movements up and down the stem 

vascular tissue xylem and phloem of plants 
vasoconstriction constriction of blood supply to capillaries 

(of skin) 
vasodilationdilationofbloodsupplytocapillaries(ofskin) 
vectoranorganismthattransmitsadisease-causing 

organism, or a device for transferring genes during 
genetic engineering 

vein vessel that returns blood to the heart 
,·enous return volume of blood returning to the heart via 

the veins per minute 
,·entilation rate number of inhalations or exhalations per 

minute 
ventral the underside 
ventricle chamber, either of the centre of the brain, or 

of the heart 
venulebranchofavein 
,·ertebrate animal with a l"ertebral column 
,·esicle membrane-bound sac 
,·estibular apparatus the semicircular canals of the inner 

ear,concernedwithb-alance 
vestibular canal upper compartment of the cochlea 
vestigialsma\l,imperfecdydewlopedstructure 
virus minute, intracellular parasite, formed of protein and 

nucleic acid 
vitalism theory early idea that organic compounds could 

onlybeprOOucedinlivingcells 
vitreous humour clear jelly of inner eye 
w 
""ter table level of ground water in the Earth 
""xcomplexformoflipid 
weathering breakdown of rock 
white matter nerve fibres wrapped in their myelin sheaths 
X 
xeromorphic mOOified to withstand drought 
xerophyte plant showing mcxlifications to withstand drought 
xerosere succession of plants starting from dry terrain 
xylem water-conducting vessels of plants 
y 
yolk food stores of egg cells, rich in proteins and lipids 
yolk sac membranous sac with numerous blood vessels, 

z 

developedbyvertebrateembryosaroundthe)Olk 
(e.g. in birds and reptiles) or as a component of the 
placenta (in mammals) 

zonation naturally occurring distribution of organisms in 

zygote product of the fusion of gametes 
zymogeniccellscellsofgastricglands,secreting 

pepsinogen 
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